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FROM THE PREFACE TO THE 
SEVENTH GERMAN EDITION 


The subject of this volume is the relationship between matter and 
ether, as expressed in the electrical structure of matter, and in the 
interaction of matter and radiation. 

Various considerations, combined with experience gained in lec¬ 
turing, have led me to choose the histori(‘al method of dealing with 
the interaction of atoms and radiation fields—a branch of the subject 
which, thanks to wave mechanics, may be regarded as having nearly 
reached the end of one stage of its development. Even yet the Ruther- 
ford-Bohr model of the atom gives in many cases a convenient first 
approximation, and a ready means of assimilating the essential facts. 
At the same time, wave mechanics has reached a sufficient degree of 
development to be capable of indicating not toly the limitations of 
the Bohr model, but also the method of mai ing the necessary cor¬ 
rections. 

As in the earlier volumes of this textbook, I. have striven consistently 
to keep experimental facts in the foreground, and to carry theory 
only so far as it is needed in order to explain experimental results. 

The present volume is in this edition to all intents and purposes 
a completely new work, only a few sections on temperature radiation 
iind radioactivity having been taken over from the earlier editions. 


Dresden, 

August, 2934, 


R. TOMASCHEK. 




PREFACE TO THE ENGLISH 
EDITION 


I have taken the opportunity of the publication of this edition to 
make a few corrections and improvements. With a view to meeting the 
needs of English readers, some new matter has been added. I wish to 
thank the translator for the adequate manner in which he has carried 
out his task, and hope that in its new dress the work will greatly extend 
the circle of its friends. 

Dresden, 

August, 1935, 


R. TOMASCHEK. 
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PHYSICS OF THE ATOM 


CHAPTER T 

The Electrical Structure of Matter 

A. The Elementary Constituents of Matter 

1. Experimental Evidence for an Electrical Structure of 
Matter 

Probably the first indication that olectricity and matter are 
closely related was Faraday s discovery (]8‘17) that the forces arising 
from electric charges are altered if the space surrounding Iherii is 
filb'd with ma.tt(U*. The quantitative measure of this effect is the 
(Jiclrr/ric cofislahf, and it has already been explained at length in 
Vol. Ill (p. 99 et seq.) how this effect of matter upon electric fiedds 
may Ix' visualized. It was shown that the change observixl in the 
field is ca,used either by the displacement of electric cliargos in the 
atoms or molecules of the material /ubstance, or else by the more or 
less comph^t(; orientation of dipoles (or more complicated charg(^ dis¬ 
tributions) which were ])resent from the first and which had been 
brought into random directions as a result of thermal motions. 
Attention was also drawn to the fact that the magnitude of the charges 
irivolvt^d is of the order of the elementary charge. 

In the phenomena of pyro- and piozo-electrieity (Vol. Ill, pp. 94 
and 95) we have likewise become acquainted with facts which show 
that in crystals, which by their very shapes bear evidence of a certain 
regularity of structure, such dipoles (or more complicated charge 
distributions) must in many cas(^s be arranged in an orderly manner, 
even in the absence of an external field. 

Faraday\s second fundamental law of electrolysis (Vol. Ill, p.l55) 
shows further that the quantity of electricity transported through 
electrolytes bears a definite quantitative relationship to the number 
of transporting particles. To-day we can formulate this relationship 
as follows: 

(e957) 
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ELECTRICAL STRUCTURE OF MA'Cl'ER 


hi electrolysis each ion carries a number of elementary electric charges 
(posUive or negative) corresponding to its chemical valency. 

Further evidv^nce for the intimate connexion between chemical 
j)roperties and electric charge is to be found in the chemical differences 
between the differently charged ions (e.g. Cu++ and Cu+) derived from 
the same element, and still more strikingly in the remarkable chemical 
differences between an uncharged atom and the corresponding ion as 
observed in solutions. The fact that ionic charges are always integral 
multiples of the elementary charge makes it very probable that these ele¬ 
mentary charges play an essential part in the structure of ions and atoms. 

The correctness of these conclusions is firmly established by the 
results of Millikan’s experiment (Vol. Ill, p. 48). The changes in 
the charge of the droplet during observation are always found to be 
abrupt jumps of one elementary charge or an integral number of such 
charges. This leads to the view that the value of the charge of a uni¬ 
valent ion found in electrolysis is not a statistical mean, but is actually 
the magnitude of an invariable elementary quantum of electricity. 

The isolation of negative elementar}’' charges, or electrons, free 
from material carriers (e.g. as cathode rays, Vol. Ill, p. 330) proves 
that these charg(^s are capable of an independent existxmce apart from 
matter; they then have the properties of discrete corpuscles * to 
which we ascribe a certain inertia or mass (Vol. Ill, p. 322). 

These electrons obviously form constituents of matter, for it is 
possible (as has already been mentioned in Vol. Ill and as will be 
discussed in detail below) to liberate them from matter in various 
ways (Vol. Ill, p. 312), e.g. by heating, by illumination, or by bom¬ 
bardment with material particles or rapidly moving electrons. In 
all these cases detailed investigation (by the electric and magnetic 
deflections, Vol. Ill, p. 314) shows that the particles concerned are 
all of one kind, namely, elementary negative quanta of electricity 
possessing equal charges and masses. 

The existence of electrons in the interior of matter is further proved 
directly by the experiments of Tolman (Vol. Ill, p. 361), who deter¬ 
mined the specific charge of the carriers in metals. The most important 
evidence, however, is derived from the phenomena of the emission 
and absorption of light (or, more generally, of electromagnetic waves) 
and of the passage of light through matter. These subjects are dis¬ 
cussed in the present volume. 

One of the most important and illuminating contributions in this 
connexion was the discovery, through the investigation of the effect 
of a magnetic field on the emission of light (the Zeeman effect (1896); 
see Vol. IV, p. 256, and this volume, p. 203), that the charges respon¬ 
sible for the emission of light by matter are negative elementary 
charges or electrons. 

* Lat. corpusculu, a particle. 
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2. The Problem of Atomic Structure 

The Elementary Constituents of Matter. —The evidence outlined 
in the preceding section proves beyond doubt that the electron, with 
its charge of 1*59 X 10“^® coulomb and mass of — 8*98 X IQ-^® 
gm., is a constituent of matter. Comparison of the mass of an 
electron with that of a hydrogen atom, namely, — 1*602 X 10“^^ 
gm., shows that the former is very much the smaller. Now it has 
never been found possible (e.g. in positive-ray experiments or in 
electrolysis) to obtain hydrogen ions in which the original neutral 
hydrogen a,tom has lost more than one electron. From this we con¬ 
clude that the hydrogen atom contains only one electron. The hydro¬ 
gen ion H+, however, is the lightest material particle ever found. 
Matter subdivided into smaller masses than H+-r 1-G61 x gm. 
is unknown. The hydrogen ion carries a posi/lve charge equal in mag¬ 
nitude to the negative charge of an electron, and is called a proton. 
\\'heth(ir the mass of the proton is of piinrly electromagnetic nature 
like that of the electron, and indeed wheth(‘r such a question has any 
real meaning, as yet remains unknown (see below). 

Without further evidenc^e it is in the nature of a hypothesis to 
assume, as PiiouT did (1815-16), that hydrogen atoms (or, in the 
light of our modern knowledge, protons) are elementary constituents 
of matter. If this hyjjothesis is true, we deduce at once that the atomic 
weights of the chemical elements must be integral multiples of the 
atomic weight of hydrogen. Since the chemical (‘vidence shows that 
this is not the case, th(' hypothesis was at first quite rightly abandoned. 

Unexpectedly, however, the experirmuits of Aston (Vol. Ill, 
p. 345, and this volume, p. 102) showed that the masses of individual 
atoms are actually multi])les of the mass of the hydrogen atom and 
that the majority of the chemical elements consist of a mixture of 
chemically similar atoms of different masses (isotopes). For the very 
small deviations see p. 104. 

Thus material bodies are made up of protxms and electrons. Recently 
other particles have been observed (p. Ill) which, though neutral and 
possessing approximately the mass are not hydrogen atoms. They 
are called neutrons. They are j)erhaps to be regarded as very close 
unions of protons and electrons; it is possible, however, that their 
nature is quite different, in which case they would have to bo regarded 
as a third constituent of matter (p. 106). 

Since protons and electrons attract one another with extremely 
large forces*, there must be repulsive forces at work within the 
atoms in order to preserve equilibrium. The nature of these forces 

♦ The Coulomb force of attraction between two elementary charges, assumed to 
be points, at a distance of 10“* cm. apart (the approximate magnitude of atoms, 
of. Vol. II, p. 53) is 2-27 x 10~® dyne. The sum of the forces for one gramme-atom of 
hydrogen atoms is therefore 14 x l(po dynes or 1400 billion kg. w’t. 



Table I.— The Peihodic Table of the Elements 
The numbers preceding the symbols are the atomic numbers. Below them are the atomic weight 
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still remains unknown. By analogy’ with the stability of the solar 
system we may assume the existence of centrifugal forces, and suppose 
that the charges revolve round one another. Certain facts connected 
with magnetism lend supj)ort to this tlieory. Alternatively we may 
suppose the cause of the repulsion to lie in vortex motions situated in 
the elementary charges themselves (Vol. Ill, p. 50). Perhaps both these 
causes are operative. There is no doubt, however, that some kind of 
motion is going on inside atoms; the equilibrium is dynamic, as is 
showm by the '‘spin” pro])erties of the elementary constituents (p. 312). 

Periodic Properties of the Elements. —The fact that the difference 
betw^een the (elements, e.g. betw^een iron and gold, is due only to a 
diff(jrcnce in the number and arrangement of identical elementary 
particles, is brought out with especial clearness if w^e consider the 
similarities and relationships W'hich exist among the elements. Thus, 
for example, all the alkaline earth metals, Be, Mg, Ca, Sr, Ba, Ha, 
exhibit great clKunical similarities, in spite of their very different 
atomic weights. Tlu^y are all chemically divalent, strongly electro¬ 
positive, metallic, have rather low melting-points and boiling-points, 
low densities, similar spectra, and so on. 

If the elements are numbered in the order of increasing atomic 
W'(‘ight, it is found that the differences between the numbers belonging 
to successive alkaline earth metals are respectively 8, 8, 18, 18, and 32. 
Most of the other groups of related elements give the same series of 
differences. All these relationships find expression in the so-called 
periodic table, which is re{)roduced in Table I. In this the elements 
are arranged from left to right in the order of increasing atomic weight. 
Elements which are related to one another fall into vertical " groups 
It is found that in this way all the elements can be satisfactorily 
accommodated in definite places, although in order to accomplish this 
it is necessary in three cases (A—K; Co—Ni; Te—I) to invert the 
order of atomic weights. These inversions are definitely dictated by 
the chemical and other properties of the elements in question, and 
indicate that the atomic weight is not really the characteristic quantity 
underlying the properties which arc summarized in the periodic table. 
This matter will be explained later (p. 76). It is also found that two 
places in the table must be left vacant. These obviously belong to 
elements which have not yet been discovered. When the table was 
originally compiled (Lothar Meyer and Mendel^eff) there were 
a number of vacant places. All except the two just mentioned have 
been filled by newly-discovered elements possessing the properties 
anticipated. Each element can accordingly be given a number, the 
atomic number Z, according to its position in the periodic table. In 
Table I the atomic number of each element immediately precedes the 
symbol, while the atomic weight is given below. For the names of 
the elements see Table II. 
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Table II. —The Elements and their Atomic Weights 


Element 

Symbol 

Atomic 

Number 

Atomic 

Weight 

Element 

Symbol 

Atomic 

N umber 

Atomic 

Weight 

Aluminium 

A1 

13 

26-97 

Molybdenum 

Mo 

42 

96-0 

Antimony 

Sb 

31 

121-76 

Neodymium 

Nd 

60 

144-27 

Argon 

A 

18 

39-944 

Neon 

Ne 

10 

20-181 

Arsenic 

As 

33 

74-91 

Nickel 

Ni 

28 

58-69 

Harium 

Ba 

5G 

137-36 

Nitrogen 

N 

7 

14-008 

Beryllium 

Be 

4 

9-02 

Osmium 

Os 

76 

191-5 

Bismuth 

Bi 

83 

209(K) 

Oxygen 

0 

8 

16-0000 

Boron 

B 

5 

10-82 

Palladium 

l»d 

46 

106-7 

Bromine 

Br 

35 

79-916 

J^hosphorus 

P 

15 

31-02 

Cadmium 

Cd 

48 

112-41 

Platinum 

Pt 

78 

195-23 

(\'H*aium 

Cs 

55 

132-9 

Potassium 

K 

19 

39-JO 

Calcium 

Ca 

20 

40-08 

Praseodymium 

Pr 

59 

140-92 

(Carbon 

C 

G 

12-00 

Kadium 

Ra 

88 

225-97 

Cerium 

Ce 

58 

140-13 

Kadoii 

Kn 

86 

o.>»> 

Chlorine 

Cl 

17 

.35-457 

Rhenium 

Re 

75 

186-31 

Chromium 

Cr 

24 

52-01 

Rhodium 

Kh 

45 

102-91 

Cobalt 

Vo 

27 

58-94 

Rubidium 

Rb 

37 

85-44 

Columbium 

Cb 

41 

93-3 

Ruthenium 

Ru 

44 

101-7 

Copper 

(hi 

29 

63-57 

Samarium 

Sm 

62 

150-43 

Dysprosium 

I)y 

66 

162-46 

Scandium 

Sc 

21 

45-10 

Erbium 

Er 

68 

167-61 

St‘lt*nium 

Se 

34 

78-97 

Europium 

Ku 

63 

152-0 

Silicon 

Si 

14 

28-06 

Fluorine 

F 

9 

19-00 

Silver 

Ag 

47 

107-880 

Gadolinium 

Gd 

64 

157-3 

Sodium 

Na 

11 

22-997 

Gallium 

Ga 

31 

69-72 

Strontium 

Sr 

38 

87-63 

Germanium 

Go 

32 

72-60 

Sulphur 

S 

16 

32-06 

Gold 

Au 

79 

197-2 

Tantalum 

Ta 

! 73 

181-4 

Hafnium 

Hf 1 

72 

178-6 

'JVllurium 

To 

52 

127-6 

Helium 

He 

2 

4-002 

Terbium 

Tb 

05 

159-2 

Holmiurn 

Ho 1 

67 

1635 

Thallium 

Tl 

81 

204-39 

Hydrogen 

H 1 

1 

1-0078 

Thorium 

Th 

90 

232-12 

, Indium 

In 

49 

114-8 

Thulium 

Till 

69 

J()9-4 

■ Iodine 

I 

53 

126-92 

Tin 

Sri 

50 

118-70 

Iridium 

Ir 

77 

193-1 

Titanium 

Ti 

22 

47-90 

Iron 

Fe 

26 

55-84 

Tungsten 

W 

74 

184-0 

Krypton 

Kr 

36 

83-7 

Uranium 

IT 

92 

238-14 

Lanthanum 

Jja 

57 

138-92 

Vanadium 

V 

23 

50-95 

Load 

Pb 

82 

207-22 

Xenon 

Xe 

54 

131-3 

Lithium 

Li 

3 

6-940 

Ytterbium 

Yb 

70 

173-0 

Lutecium 

Lu 

71 

175-0 

Yttrium 

Y 

39 

88-92 

Magnesium 

Mg 

12 

24-32 

Zinc 

Zn 

30 

65-38 

Manganese 

Mn 

25 

54-93 

Zireonium 

Zr 

40 

91-22 

Mercury 

Hg 

80 

200-61 






The chemical valency is constant throughout each group. As we 
pass from a given group to the next on the right, the valency with 
respect to oxygen always increases by one (NagO, MgO, AI 2 O 3 , Si 02 , 
P2O5, SO3, CI2O7). There is also in the same direction a correspond¬ 
ing increase of the charge on the positive ions of these elements. The 
valency with respect to hydrogen, on the other hand, decreases by one 
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as we pass from one group to the next on the right (HF, HgO, NHg, 
CH 4 ), and there is a corresponding decrease in the charge on the nega¬ 
tive ions of those elements. The valency characteristic of the group is 
usually the most important valency exhibited by the elements con¬ 
cerned; but sometimes it is one which, though occurring in certain 
compounds, is not the commonest or most important (e.g. 

This is true in particular for the so-called “ sub-groups ” (e.g. Cu, 
Ag, All), which in Table I are slightly displaced relative to the main 
groups. Thus, for example, Cu is univalent in some compounds, though 
the commoner valency is two. The reasons for this will be discussed 
in detail later (p. 341). It is also remarkable that the place for lan- 



Fiff. I. —Periodicity of effective atomic diameters (the smallest distances between atoms in 
crystals. The points for hydrogen and the inert gases—shown as circles—refer to the “ true ” 
atomic diameters calcul.ned from ionization potentials). 


thanum (Z =-t 57 ) accommodates in addition a group of fifteen elements, 
the so-called rare earths, which chemically are all extraordinarily 
similar. The principal valency of the rare earths is three, so that they 
belong to Group III of the table. 

Group 0 contains the inert gases, which do not react chemically 
at all. In the form of the periodic table given in Table I the corre¬ 
sponding sub-group is formed by the so-called Group VIII; this con¬ 
tains elements which may exhibit a valency of eight, but may also in 
certain circumstances be very inert chemically (the platinum metals; 
“ passive ’’ iron, cobalt, and nickel). The inclusion of iron, which is 
usually di- or trivalent, in this group shows that the form of the periodic 
table given here is somewhat artificial. For this reason other forms are 
often preferred, in which the sub-groups do not appear as such but 
arc inserted between the main groups. The so-called “ long periods ” 
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then extend over 18 groups. A full explanation must be reserved for 
a subsequent occasion (p. 334). The student cannot be too strongly 
recommended to keep in his mind’s eye the mutual relationships of the 
elements expressed in the periodic table. An intimate acquaintance 
with this classification forms an effective key to a more complete 
knowledge of the structure of atoms. 



Fig. 2.—Periodicity of melting-points 


Two examples may be given to show how marked the periodicity 
of properties amongst the elements is. In figs. 1 and 2 the abscissae are 
atomic numbers, while the ordinates are respectively atomic diameters 
and melting-points. The remarkable periodicity is at once obvious, 
and is seen to coincide (maxima in fig. 1, minima in fig. 2) with the 
principal groups in Table I. 

Arrangement of the Elementary Constituents. —In the light of 
what has been said above, the manifold differences in matter, as 
exhibited in the 92 different chemical elements, are to be regarded 
as due simply to different arrangements of elementary electric charges 
and masses. The enormous qualitative differences, e.g. between 
chlorine and iron, must be thought of as resulting from a difference in 
the number and arrangement of certain fundamental constituents. 

Hence our most important problem is that of obtaining a quanti¬ 
tative knowledge of the number and arrangement of the elementary 
constituents and of the forces and motions within atoms and molecules. 
To some extent it is possible to draw conclusions concerning these 
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quantities from the macroscopic behaviour of matter, i.e. from pheno¬ 
mena involving a very large number of molecules simultaneously 
(e.g. dielectric constant, &c.). More detailed knowledge is only to be 
expected, however, from experiments on the behaviour of the electro¬ 
magnetic fields within the a.tom. For such experiments it is necessary 
to use testing bodies which are themselves small as compared with the 
dimensions of the fields under investigation. Rapidly moving elec¬ 
trons (cathode rays) and corpuscles such as H+ (protons) and more 
especially 116'^+ (the so-called a-particles) have proved most suitable 
in this connexion (see pp. .15 and 81). In particular, investigations 
with cathode rays laid the foundation of the theories outlined above. 
There is one group of phenomena, however, in which the electrical 
structure of matter and the enormous energies involved are exhibited 
spontaneously without human agency. These phenomena, which are 
classed together under the name of radioactivity, will now be con¬ 
sidered in more detail. 


B. Radioactivity * 

3. Fundamental Phenomena 

Historical.—When X-rays wore discovered (see Vol. Ill, p. 347) it was 
observed that they always emanated from the fluores(*,ont spot on the glass wall 
of the diseJiargo tube. Acting on the assumption that then^ must be some intimate 
relationship between X-rays and fluorescence. H. Bkooiterel f (1895) made 
experimc'nts to find out whether the strongly fluoresctiit yraniurn compounds 
emit X-rays after bombardment with cathode rays. His anticipations v^ere 
apparently confirmed, for he f(jund that a piece of potassium uranyl sulphate, 
which had been exposed to cathode rays and subsequently wrapped up in black 
paper, blackened a photograj>hic plate upon which it was placetl. 

To liis astonishment he subsoquently found (1890) that the uranium com¬ 
pound exhibits this property even in the absence of previous treatment with 
cathode rays or any other agene 3 \ Furth(*r investigation showed that the pro¬ 
perty discovered by Becqtjerel and now known as radioactivity bears no causal 
relation to fluorescence whatever, but is characteristic of the element uranium 
itself. Neither exposure to any other kind of rays, nor heating, nor any sort of 
electrical treatment is requir^ to make uranium radioactive. The uranium 
gives out its rays “ spontaneously ”, i.e. without energy being supplied from 
outside. 

The rays emitted by uranium are very similar to X-rays, in that 
they can pass through opaque objects and blacken a photographic 
plate thereafter. A further similarity is to be found in the fact that the 
rays render air conducting. This latter property provides a convenient 
method for measuring the intensity of the radioactivity and comparing 

* Only the main aspects of radioactivity are treated here. A considerable amount 
of further information on the subject will be given later; see especially pp. 78, 356. 

t Henri Becquerel (1862-1908) was latterly Professor at the Ecole Polytechnique 
in Paris; his father, Alexandre Edmond Becquerel (died 1891), and his grandfather, 
Antoine CiiSAB Becquerel (died 1878), were also well-known physicists. 
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it with the effects of X-rays. Another fact with an important bearing 
on the investigation of the rays is that they produce a fluorescent 
glow in certain substances, particularly zinc sulphide containing copper 
(used in the so-called Sidot screens). 

Radioactivity can be demonstrated in a very simple manner by 
means of the apparatus shown in Vol. Ill, fig. 7, p. 302, using a sensi¬ 
tive electroni 'ter. If the potential is taken so high that the saturation 
current (Vol III, p. 303) is reached, all the carriers generated by the 
radioactive rays are captured, and the current strength is then a 
measure of the radioactivity of the substance under investigation. 
A further very informative method that may be mentioned here is 
the Wilson cloud-chamber method (Vol. Ill, p. 311), in which the 
radioactive rays are made to leave visible tracks. Numerous appli- 
cations of these methods will be met with in the present volume. 

By investigation of the conductivity produced in air, Pikrre 
Curie and his wife * found that the radioactivity of pitchblende and 
a few other minerals exceeds that of uranium in intensity. Pitchblende 
is the mineral from which uranium is chiefly obtained. The residues 
obtained in the preparation of uranium, previously thrown away as 
useless, were found to be particularly radioactive, their inti^nsity 
being about four times that of uranium itself. 

The two Curies quite rightly deduced that these residues must 
contain some substance with extremely high radioactivity. As their 
raw material they took the pitchblende residues from Joachimsthal in 
Bohemia, from which the uranium had been extracted. This th(‘y 
divided into two fractions by chemical methods and investigated 
which possessed the greater radioactivity. This procedure was then 
repeated a great many times, the more radioactive fraction being 
retained each time. In this way they were able as early as 1898 to 
obtain a substance possessing an activity many thousands of times 
greater than that of uranium. This substance appeared to be chemi¬ 
cally identical with bismuth, from which it differed only in its great 
radioactivity. To the substance giving rise to this activity, which 
she regarded as a hitherto unknown motal resembling bismuth. Mine 
Curie gave the name polonium. It has since been found possible to 
obtain polonium in a chemically pure state. 

* Pierre Curie (1859-1906), born in Paris, studied at the Sorbonno, from 1895 to 
1900 was Professor of Physics and Chemistry at the Municipal College at Paris, and 
from 1900 to 1900 Professor at the Sorbonne. Together with his brother Jean Curie he 
discovered and investigated piezo-elcctricity, i.c. the electrification of crystals as a 
result of tension or pressure. In 1895 he married Marie Sklodowska (1867-19J4), 
a former Polish student at the Sorbonne. In 1904 she obtained her doctorate with 
an extensive memoir on radioactive substances. After the death of her husband in an 
accident she was appointed to his professorial chair and was made director of the 
Kadium Institute in Paris, and held these posts until her death. Along with her hus¬ 
band and Henri Becquerel she shared the Nobel Prize in Physics in 1904. In 1911 
she was awarded the Nobel Prize in Chemistry—^the only instance hitherto of a second 
award. 
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Only six months later the two Curies in collaboration with 
BfiMONT succeeded in separating from the uranium mineral a second 
very highly radioactive substance, chemically related to barium. 
This is obtained from pitchblende along with barium by precipitation, 
after which it is separated from the barium by a very careful process 
of fractional precipitation. The Curies succeeded in isolating this 
new substance in the form of compounds with chlorine and bromine. 
They named it radium. The radioactivity of radium is approximati^ly 
a million times stronger than that of uranium. 

Radium exhibits all the properties of an alkaline earth metal 
(e.g. it has a very sparingly soluble sulphate and carbonate), and 
forms the last member of Group II of the })eriodic table. Its atomic 
weight (first determined by Honiusciimid * in 1914) is 225*97; its 
atomic number is 88. 

Radioactive properties nearly as strong as those of uranium are 
also possessed by thorium and its compounds, as was shown almost 
simultaneously by Mme Curie and G. C. Schmidt*)* in 1898. This 
can easily be demonstrated by placing a gas mantle, 99 per cent of 
which consists of thorium oxide, near a charged electroscope; the 
electroscope is discharged in a short time. 

(.)f the remaining elements, so far as we know at present, only 
three are radioactive. Potassium and rubidium have for some time 
been known to exhibit a small but definitely demonstrable radio¬ 
activity. It has not been found possible to ex]>lain this as due to the 
presence of some known radioactive substance as an impurity; it 
seems certain that the radioactivity of these two metals is an intrinsic 
property. This is especially remarkable in that the other radioa(;tive 
elements are characterizecl by a high atomic weight, whereas the 
atomic weights of potassium and iiibidium are relatively low. 

Samarium (atomic number 62, atomic weight 150*43), an element 
of the rare earth group, has also been recently shown to be radioactive 
(Hevesy, 1933). 

We can now say in recapitulation that the following well-known 
chemical elements are spontaneously radioactive: uranium, thorium, 
samarium, rubidium and potassium. To this list must be added about 
forty shorty-lived substances produced by the transformation of those 
just mentioned (see below). 

Radioactive Transformations. —From the discovery of radioactivity 
onwards, the most difficult question has been that of the source of 
the energy of the rays emitted by radioactive bodies; for at first 
neither diminution of activity nor decrease of mass could be observed. 

♦ Otto Honksschimit), tip to 1918 at tho German Technical College in Prague, is 
now Professor of Analytical Chemistry at Munich. 

t G. C. Schmidt, born 186.5, at the time of the discovery at Erlangen, is now Pro¬ 
fessor of Physics at Munster. 
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The first step towards a recognition of the origin of radioactivity 
was taken by Beoquerel, although he himself scarcely realized that 
his experiment would be of such a fundamental nature. J^ecquerel 
treated the solution of a uranium salt with excess of ammonia. ]\Iost 
of the original precipitate redissolved in the excess of ammonia, but 
a small insoluble residue remained. Having separated the two con¬ 
stituents by filtration, he investigated the radioactivity of each in 
turn. In this way he found that the soluble part was no longer active 
and that only the small residue, which he called uranium-X. exhi])ited 
radioactive properties. On standing, Jimvet'cr, the nranimn salt recovered 
Jto)n the solution gradually regained the ivhole of its radioactivity, while 
the uranium-X lost its activity in the same degree. 

Soon after this Rutherford * and Soddv f (1900) carried out 
similar experiments with the radioactive element tliorium, which they 
likewise separated into an ijiactive component and an active com- 
}ioneiit, called thorium-X. The inactive thorium regained its activity 
completely after some time, while the thoriiim-X changtMl anew into 
a number of other substances, one of which w^as proved with certainty 
to be a gas. x\ll these new substances were radioactive. The radio¬ 
active gas discovered by these two workers was called by them 
thorium emanation. 

In the same year it was found by Dorn J that radium also gives 
rise to an emanation. This he prepared in a manner similar to that of 
Rutherford and Soddy for tliorium emanation. 

The experimental condensation of radium c^manation can be conveniently 
carried out with the apparatus shown in fig. .‘b The vessel A contains an acpieous 
solution of nadiiim bromide, while the vessels B and (' contain zinc blende, a 
substance wliich gives an intense fluorescence. Tlie whole a])paratus having been 
evacuated to a medium degree through the ta}> K, all three taps are closed ana 
tlie vess(^l C is dipped into liepnd air. After a time the tap between A and B is 
opened, whereuprm the zinc sulphide in B immediately glows brightly. The 
tap between B and (,- is now also opened, and the zinc sulphide in C at once glows, 
while the glow in B diminishes. The tap between A and B is then closed, with 
the result that the glow in B vanishes completely after a short time, the (‘inana- 
tion having condensed to a liquid in C. The tube is finally taken out of the 
liquid air, and the emanation vaporizes and distributes itself between B and C. 

* Ernest Rutherford (1871-1937), born at Nelson, New Zealand, studied in New 
Zealand and Cambridge. In 1894 he became Professor of Physics at McGill University, 
Montreal, in 1907 Professor at Manchester, and from 1919 was Professor of Ex¬ 
perimental Physics and Jhrector of the Cavendish Laboratory at Cambridge. He was 
knighted in 1914 and raised to the peerage as Baron Rutherford of Nelson in 
1931. He carried out and directed a great deal of research in atomic physics, and 
received the Nobel Prize for Chemistry in 1908. 

t Frederick Soddy, born 1877, from 19(X) to 1903 occupied a position at McGill 
University, Montreal, where he carried out research with Rutherford. He later 
worked with Sir William Ramsay. From 1904 to 1914 he held a lecturership at 
Glasgow, from 1914 to 1919 was Professor at Aberdeen, and later Professor of 
Inorganic and Physical Chemistry at Oxford. 

t E. F. Born (1848-1916), Professor of Physics at Halle. 
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If C is once more dipped into the Ihpiid air, all the emanation returns to this 
part of the apparatus. 

If the tap between A and B is left shut, the glow of the zinc sulphide slowly 
dies away, the radioactivity of the emanation falling to half its initial value m four 
days. During this time new emanation is generated in A, as 
can be shown by opening the tap between A and B and 
letting the gas flow through into the other vessels. Radium 
emanation (more recently called radon) behaves chemically ^ 
as an inert gas and is therefore placed in Group O of the 
periodic table. 

Tho fact that radium emanation spontaneously 
loses its radioactivity may be explained by assum¬ 
ing either that the emanation itself disappears or 
else that it becomes transformed into a now non- 
radioactive substance. In order to settle this doubtful 
point, Ramsay * and Soddy enclosed a small quan¬ 
tity of emanation, condensed by means of liquid air, 
in a discharge tube and examined its spectrum at 
regular intervals. After four days they observed 
spectral lines due to helium, which certainly had not ^ 
been present originally. From this Ramsay and ^m)pcrtSorradon!'^ 
SoDDY dinluced that the helium had been formetl 
from the radium emanation itself. The experiment has been repeated 
many times, notably (in a modified form) by Rutherford (p. 17), and 
Ramsay’s conclusion has been established beyond question. 

From all these experiments it follows with certainty that the 
emission of rays by a radioactive body is accompanied by a transfor¬ 
mation of the matter of which the body is composed, 

Rtitherfokd was the first to recognize this transformation as the 
origin of radioactive phenomena. According to his view, wliich is 
now firmly established on the basis of experiment, the atoms of a 
radioactive element are disintegrating continuously, and it is this 
disintegration that provides the energy for the rays emitted. 

Further Transformations of Radioactive Substances. —Radium is 
continuously emitting rays and at the same time generating radium 
emanation (the inert gas radon). As a rule this radon does not com¬ 
pletely escape from the solid radium salt, but remains occluded in it 
to a great extent. The radon then disintegrates further; we have 
already seen that it gives rise to helium. 

Helium, however, is only one of the resulting products. It is found 

* Sir William Ramsay (1852-1916) was born in Glasgow. From 1872 onwards 
ho occupied at^ademic positions in Glasgow, in 1880 was appointed to the chair of 
Chemistry at Bristol, and in 1887 became Professor at University College, Loudon, 
a position which he held until liis resignation in 1913. Ho was awarded the Nobel 
Prize for Chemistry in 1904. His researches cover a wide field, including the chemistry 
of alkaloids and the vapour pressure and surface tension of liquids. He also, in associa¬ 
tion with Lord Rayleigh, discovered argon and other rare gases in the atmosphere. 
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that any substance which comes into contact with the emanation, 
itself becomes “ infected ”, as it were, with radioactive properties. 
This leads us to assume that the gaseous radon itself breaks down 
further, giving rise to a solid which is deposited on bodies brought 
into contact with the radon. 

It has been found possible to concentrate this active solid by intio- 
ducing into the vessel containing the radon a wire which is kept at a 
negative potential of several hundred volts relative to Ihe rest of the 
vessel. The radioactive product, which is known as radium .^4, is then 
deposited mainly upon the wire. Radium A in turn gives rise to further 
disintegration products, called RaB, RaC, . . . , RaF in order. 

The various products are to a great extent retained (occluded) in 
the original radium salt, and hence the rays emitted consist of those 
due to radium itself together with those of all its disintegration pro¬ 
ducts. This naturally introduces very great difliculties into the investi¬ 
gation of the properties of radium and the substances produced from 
it by disintegration, unless it is possible to separate these products 
from radium and from one another. 

Radon can be separated completely from the parent radium salt 
by dissolving the salt in water and boiling the solution for a long time. 
In this way the gaseous radon is all boiled off, and the residual solution 
contains the radium salt together with the later disintegration products 
RaA, RaB, and RaC. (The subsequent products are of minor im})or- 
tance in this connexion, as their radioactivity is feeble in coni})ari8on 
with that of radium itself). RaA, RaB, and RaC, howev('-r, haA’e \'(‘ry 
short life-periods, and after about four hours only a negligible quantity 
of them remains. Subsequently, therefore, the solution emits juacti- 
cally nothing but the rays due to radium. 

4. The Rays emitted by Radioactive Elements 

Complex Nature of the Rays. —For the purj)ose of investigating 
their rays, radioactive substances are placed in small boxes made of 
vulcanite or lead and provided with a very thin mica window. If the 
walls of the box are thick and made of lead, they absorb the rays 
falling upon them, so that rays cannot escape except by passing through 
the thin mica window. 

In fig. 4 B represents a lead box containing a small quantity of 
radium bromide or chloride. Out through the window in the top of 
the box there passes a narrow beam of nearly parallel rays. The appli¬ 
cation of a magnetic field with its lines of force perpendicular to the 
plane of the figure in the direction away from the reader causes the 
beam to split up into three quite distinct parts. This may be proved 
experimentally by means of photographic plates in suitable positions. 
The three different kinds of rays are called a-rays, p-rays, and y-rays. 
The a-rays are deflected by the magnetic field very slightly to the 



RAYS EMITTED BY RADIOACTIVE ELEMENTS 15 

left in the figure, the j8-rays are deflected strongly to the tight, while 
the y-rays are not deflected at all, but continue in a straight line. 

The deflection of the a-rays is con¬ 
sistent with the view that they form 
a current of positive eh^ctricity. 

Thus their behaviour in the magnetic 
field is similar to that of canal rays 
{'positive rays). The p-ra/ys, like cMhode 
rays, are d(^flected like a current of 
negative electricity. The y-rays be¬ 
have in general like extremely hard 
X-rays; for instance, they can ])ass 
to a considerable extent even through 
fairly thic5k })lates of load and steel. 

Corresponding differences in the be¬ 
haviour of a-, and y-rays can also 
be observed in oth('r c-inainistances, 
e.g. in an electrostatic field. 

The penetrating pow(‘r of a-rays is only very slight: they are 
actually stopped com])l(it(‘ly by a thin sheet of paper. Under the same 
conditions ^-rays are absorbed to a much smaller extent, while y-rays 
are not ap])r(‘ciably affected at «all. Correspondingly, the distances 
travelled by the different kinds of rays in air (their so-called ranges 
in air) are very different- (]). 18). In passing through a gas the rays 
give rise to carriers of electricity (ions), a fact which makes it possible 
to observe th(dr track's in a Wilson cloud chamber. The cloud-tracks 
of the different kinds of rays can readily be distinguished from one 
another (cf. Vol. Ill, p. 337. and this volume, p. 19). See further p. 37. 

Scintillation. —If a small quantity of a radioactive substance is 
})laced at a short distance from a fluorescent zinc blende screen and 
the screen is then examined with a lens, an irregular flashing of tiny 
individual s])arks is observed. Crookes,* who was the first to 
describe these flashes (March, 1903 j*), called them scintillations. 
The scintillations produci'd by a-rays are especially brilliant. The 
fact that the eflect is made up of separate and distinct flashes indicates 
that the a-rays themselves consist of a stream of separate and distinct 
particles (a-particles). The scintillations produced by jS-rays an; much 
f(;(‘bler and scarcely recognizable as individual flashes. Finally, y-rays 
give no scintillations, but only a continuous glow on the screen. All 
three kinds of rays also affect a photographic plate. 

a-Bays. —Information as to the nature of a-rays is obtained by 

*8ir William Crookes (1832-1919), at first professor at the Training College at 
Chester, later for many years President of the Society of Chemical Industry. See 
a iso footnote, Vol. Ill, p. 328. 

t They had previously l)een investigated in detail by Elster and Geitel. 
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quantitative investigation of their deflection in electric and magnetic 
fields, as explained in Vol, III, p. 314 et seq, A Wilson cloud-track 
photograph showing the magnetic deflection of a-rays is reproduced 
in Vol. Ill, fig. 55, p. 337. The method of superimposed electric and 
magnetic fields gives one and the same value of c/m for the a-rays 
from the most widely different radioactive substances. This value is 
4*8 X 10^ coulombs per gramme. Comparison with the value of ejm 
obtained for the proton (Vol. Ill, p. 346) shows that the a-ray value 
is just half the proton value. From this we conclude that the a-particle 
either has mass 2 and a single elementary charge or else has mass 4 
and two elementary charges. In order to settle which of these two 
alternatives is correct, it was necessary to determine either c or m 
independently. 

The direct measurement of e for a-particles was made in 1908 by 
Rutherford and Geiger and by Regener.* The last-named had 
shown earlier that practically every a-particle which strikes a properly 
prepared phosphorescent screen of zinc sulphide causes a flash of light. 
He was thus able to find the time average of the number of particles 
falling upon a given area simply by counting the flashes, while the 
charge carried by this number of a-particles could be determined 
separately. 



Geiger originated another and more ndiable method of counting 
a-particles. This is by means of the Geiger counter (Vol. HI, p. 350), 
which consists of a cylindrical condenser with a wire for the inner 
central electrode. Between the electrodes a potential slightly lower 
than that required to produce a discharge through the air dielectric 
is applied. The rays under investigation enter the counter through a 
window of thin foil. Every time an a-particle enters and renders the 
air conducting there is a sudden brief discharge, which can be observed 
by means of an electrometer. The number of these brief discharges 
is equal to the number of a-particles passing into the counter. 

Fig. 5 shows a photographic record, taken upon a moving film, of the electro¬ 
meter “ kicks ” caused by the entry of a-particles into a counter. The upper 

* Ebich Regener became Professor at Berlin in 1914, and in 1920 went to the 
Xeohnicai College at Stuttgart. 
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record was taken with a rate of entry of 600 a-particles per minute, the lower 
record with 900 per minute. The film was moveci past the recording instrument 
at a speed of aboTit 150 cm. per minute. A few of the deflections are clearly seen 
to have twice the normal amplitude. These correspond to the entry of two 
X'particles almost at the same instant. 

By the above methods it was found possible to determine the 
magnitude of the j^ositive charge on a single a-particle. The value 
obtained is twice that of the charge on an electron, i.e. 2x1 -59 X 10“^® 
coulombs. 

From this it follows that we are dealing with particles with a 
double positive charge and mass 4. But this is the atomic weight of 
helium; hence a-particles must be doubly charged heliimi atoms, 
i.e. He++. If this is so, then helium must be produced in the neigh¬ 
bourhood of a radioactive substance emitting a-rays. This is exactly 
what Ramsay and Soddy actually observed (p. 13). The pro¬ 
duction of helium was also demonstrated by Rutherford in the 
following way. 

A minute qiianlity of radium was sealed up in a small glass tube with ex¬ 
tremely thin walls, so thin that the a-rays emitted could i)ass out, although the 
emanation simultaneously formed was held in. This small glass tube was en¬ 
closed in another tube provided with electrodes, and the spectrum produced on 
passing a discharge was observt^d at regular intervals. It was found that after 
a few days the spectral lines of helium made their appearance. This proves that 
helium is j)roduced from the a-rays. The fact that helium is always found present 
in radioactive minerals is also evidence that it is a pr< duct of radioactivity 
(1>. 32). 

Thus a-rays consist of helium atoms with a double positive charge, 
shot with great velocity out of the atoms of radioactive substances. 

Jiange .—Jiivcstigatioii of the way in which the intensity of the 
a-rays falls off with increasing distance from a radium preparation 
gives a surprising result. It is found that all trace of the rays (such 
as ionization or scintillation) suddenly stops at the very accurately 
measurable distance of 3-30 cm. in air at normal pressure. This dis¬ 
tance is known as the range of the a-rays from radium in air. The 
a-rays from other radioactive elements have different ranges. Thus 
the a-rays emitted by radon can be observed up to a range of 4*16 cm. 
in air at normal pressure, but beyond this distance no trace of them 
can be observed. As was discovered by Geiger, the range R bears a 
simple relationship to the velocity with which the a-particle under 
consideration leaves the parent atom. This relationship may be written 
in the form 

— aR, 

where a is a constant whose value may be computed from the accurate 
data Vq = L92 X 10^ cm. per second and R -- 6*97 cm. for RaC' 
(see p. 79). The definite and unique character of the range is shown 

(E 057) 3 



Table III. —The Radioactive Substances 
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Z 
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1 
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81 
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a 
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6.97 
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Radium I) (Radio-lead) 


82 

P -r y 

16 years 

9-9-121 


210 

Radiuni E 


83 

y3 + y 

4’85 days 

^231 
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82 
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a 
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— 
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Radio-actinium . . 

90 
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88 
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82 
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very elegantly by cloud-track photographs (see, e.g., fig. 6). Towards 
the end of their range a-i)articles capture first one electron and then 
a second, thus becoming ordinary neutral h(^lium atoms. A number 
of a-ray ranges are given in Table III. 



r'is, 6.— Cloud-track photograph showing definite ranges of a-rays. The radioactive 
preparation contains two active elements 'I'hC and ThC'. The twc' definite a-ray ranges 
are clearly visible. 

[From Meitner, Atomrorgange und dire Sichtharmnehung (F. Fnke, Stuttgart).] 


Kotp ..—Experinionts in which a-particlcs are counted by the scintillation 
metiiod t)r with a Ocioer counter have a special sijrnificance in that they provide 
convincing evidcn<-e in favour of the atomic theory of matter. This is true in 
even greater degree of the observation of the tracks of single a-particles in the 
Wilson cloud-chamber. In the individual scintillations, the individual electro¬ 
meter “ kicks ”, and the individual cloud-tracks we see the effects of individual 
a-j)arti(des. l^revious to this only the total effects of enormous numbers of atoms 
acting simultaneously had been observed in physics and chemistry, and the 
existence of individual atoms had been postulated on purely theoretical gi*ounds. 
The opponents of the atomic theory always used to object that no one would 
ever be able to observe atoms one by one, and even the most enthusiastic sup¬ 
porters of the theory never expected siu^h a thing to he possible. This state of 
affairs W'as revolutionized by the experimental counting of a-particles (charged 
helium atoms). The atomic theory now has a basis of experimental observation, 
and the results obtained in counting experiments are completely in accordance 
with expectations. (See, however. Chapter IV, p. 256.) 


p-Rays. —Determinations of ejm for )3-rays have given the values 
quoted in Vol. Ill, p. 322. Taking account of the change of mass with 
velocity, we have ejna^ = 1-77 X 10® coulombs per gramme. 

Hence p-rays consist of very rapidly moving electrons and are 
essentially the same as fast cathode rays. 
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As with a-rays, the )3-rays from different substances have different 
energies. 

The velocity of the jS-rays emitted by ThC is about 0-96 c (c being 
the velocity of light), of those from RaE about 0*94 c, and of those 




from UXi about 0-6 c. These are mean values; for it is found that the 
velocities of the )3-rays from any given radioactive disintegration are 
not all the same, but vary continuously from zero up to high values 
(see fig. 7, which gives the distribution curves for various substances). 
Thus in contrast to the a-particles, the j8-particlos from any given 

process are not associated with a 
definite energy. 

Apart from these ^-rays which 
form a direct accompaniment of 
certain radioactive transfornui- 
tions (so-called primary ^-rays), 
another class of j3-rays (so-called 
secondary jS-rays) are observed 
in all transformations in which 
y-rays are emitted. The secondary j8-rays have widely varying, 
but generally quite definite velocities, and derive their energy 
from the y-rays. Fig. 8 showrs a magnetic spectrum of secondary 
jS-rays, i.e. a record obtained with apparatus identical in principle 
with that of fig. 4, p. 15, if we imagine a photographic plate placed 
on the right and the source to have a linear form. The emission 
of secondary ^-rays is explicable as a kind of photoelectric effect 
(p. 133). The rays consist of electrons which have received energy 


Fig. 8.—Magnetic velocity-spectrum of ^-rays. 
Part of the spectrum of ThU + ThC. 

[From Handhuch der Physik, Vol. XXII, Part I 
(Springer, Berlin).] 
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from the y-rays of the radioactive process (see further p, 358). 
L. Meitner succeeded in producing these secondary j8-rays artifi¬ 
cially from platinum and lead by the action of the y-rays of ThB. 

The fastest jS-rays observed from any known radioactive substance 
are those at the upper energy limit of the ^-rays from RaC. Their 
velocity is 99 per cent of that of light. To reach this velocity an 
electron would have to pass through a potential drop of 3*15 million 
volts. 

y-Rays.—These consist of electromagnetic waves and hence are 
not deflected by electric or magnetic flelds. They are therefore similar 
in character to light and X-rays, 
from which they differ only in 
tlunr much shorter wave-length. 

This has been verified by direct 
measurements with gratings (p. 

72), the gratings consisting of 
the lattice plaints of crystals 
and the grating constant being 
the distance between these planes 
((‘ompare Vol. I, p. 274). An 
e.xample of a grating spectrum 
of y-rays is given in fig. 9. 

By a kind of photoelectric 
effect (p. 133) y-rays produce 
from the disintegrated atoms the 
secondary ^-rays referred to 
above. From the energy of these secondary j8-rays it is possible to 
calculate the wave-lengths of the corresponding y-rays by means of 
an ecpiation which will be given later (pp. 134, 359). 

The y-ray spectra, like optical line spectra, (consist of a numb *r of 
shar])Iy defined monocliromatic lines. The wave-lengths lie between 
300 and about 2 X-units (1 X-unit 10~ii ^m.). Thus y-rays bear 
somewhat the same relationship to ordinary light waves as ordinary 
light waves bear to short radio waves. L. Meitner succeeded in showing 
from the energy of the secondary )3-rays from radioactinium and 
actinium X that the emission of y-rays does not occur until after the 
disintegration of the atom. Thus we are led to the conclusion that 
y-rays are emitted in the process of rearrangement of the atom into 
a stable form after the radioa.ctive disruption. Such an emission of 
y-rays does not, however, follow every a- or ^-ray change; certain 
atoms are known to disintegrate without emitting y-rays. 

5. Radioactive Series 

Sequence of Transformations. —In the light of what has been said 
above it can be seen that radioactivity consists in the spontaneous 






Fig. 9.—Spectrum of y-rays obtained by re¬ 
flection from the prating formed by a crystal of 
rock-salt; glancing angle lo' (after Frilley). 

[From Rutherford, Radiations from Radioactive 
Substances (Cambridge University Press).! 
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disintegration of atoms (usually of high atomic weight) with expulsion 
of charged helium atoms (a-particles) or electrons, the atoms thereby 
being transformed into new atoms with different chemical properties. 
For the most part the new atoms produced are not stable, but in turn 
disintegrate more or less rapidly. In this way we get a whole sequence 
of disintegrations or so-called radioactive series. 

The most important is the uranium-radium series. It is a remark¬ 
able fact that uranium minerals derived from the most widely different 
sources always contain radium in the same relative amount. Accord¬ 
ing to W. Marckvvald (1913), 3-3 x 10"“ gm. of radium is always 
associated with 1 gm. of uranium. This forces us to the conclusion 
that the radium has been produced from the uranium, i.e. is a dis¬ 
integration product of uranium. The atomic weight of uranium, as 
determined by HoNiGScnivni), is 238T7 + 0*007, i.e. is 12 greater than 
that of radium. Hence in the sequence of transformations by which 
radium is produced from uranium the number of a-particles (each of 
mass 4) expelled must be three. We accordingly deduce that Ixdwc^en 
uranium and radium there must be two further substances which emit 
a-rays. These have actually been discovered (see Table III). Each 
radium atom disintegrates into a negatively charged radon atom and 
a positively charged helium atom. The latter is shot out as an a-})article 
and eventually becomes an ordinary helium atom by neutralization 
of its charge. 

The radon atom expels another a-particlo (which is (jventually 
neutralized and becomes helium) and is itself transformed into an 
atom of radium A. This substance is a solid which, as mentioned 
above (p. 14), deposits itself as an invisible film upon the walls of the 
containing vessel or other solids, thus giving rise to so-called induc(xl 
radioactivity. Then in a short time the radium A is transformed into 
radium B with expulsion of a-particles, and the radi\im B is in turn 
transformed into radium C with expulsion of j8-parti(4e8. Ra-dium C 
emits rays of all three kinds. Careful investigations have shown that 
its mode of disintegration is rather complicated, for it gives rise simulta¬ 
neously to two new substances. A very small fraction of the radium C 
(only 0*03 per cent) is transformed by an a-ray change into RaC". 
The remainder (i.e. 99*97 per cent) passes into RaC' with emission of 
P-rays. Both RaC' and RaC" give rise to the same product Ral), the 
former by expelling a-particles and the latter by expelling j8-particles. 
RaD is then transformed by a j8-ray change into RaE, which in turn 
emits both jS- and y-rays and becomes RaF, a substance which has 
been identified with polonium. Finally, RaF is transformed with 
emission of a-rays into Ra6. This last product is regarded as chemically 
identical with lead, although so far it has not been found actually 
possible to detect by chemical means the lead formed in an experim(uit. 
Such radioactively-produced lead, which is distinguished by an atomic 
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weight differing from that of ordinary lead, however, has been detected 
in minerals (p. 27). 

In addition to the uranium-radium series there arc also the 
actinium series and the thorium series. As may be seen from Table III, 
all these series exhibit remarkable similarities. 

The Law of Radioactive Disintegration. —Radioactive change 
takes plac^e in such a way that in each unit of time the same fraction 
of the substance present at that time undergoes disintegration. Thus 
if the amount of substance (i.e. the number of atoms) left unchanged 
at time t is N, and the amount disintegrating during the element of 
tinn^ dl is JN, the quotient dnjl^ is proportional to dt. We may accord¬ 
ingly write 


rfN 

ISI 


—Xdt, 


in which A is a constant and the minus sign is chosen because N 
d(‘creases as t incn^ases. Integrating this equation, obtain 

log^N ~Xt i- constant. 


Now su})pose that N = N^, wdien t — 0. Jt follows that the constant 
of integration is equal to log^N^. Substituting this value in the in¬ 
tegrated equation and rewriting it, w'e have 

N — 


The constant A is called the radioactive constant or decay constant 

of the substance under consideration. It is a measure of the specific 
intensity of the radioactivity. The quantity 1 /A is usually called the 

mean life period. 

The rate of disint(*gration of a radioactive substances is usually 
g’ven by means of the so-calU*d half-life period, i.e. the time re¬ 
quired for half the original quantity to be transformed. Calling this 
time T, we have 

IV __ XT .,-AT 
2l>o - > 

whence 


T- 


log/2 = 


0-693 

A ■ 


This result expresses the relation between the radioactive constant A 
and the half-life period T. 

The half-life period has a characteristic constant value for each 
radioactive element, differing very widely in different cases. It enables 
us to distinguish between the different members of a series, e.g. the 
various disintegration products mentioned above. 

The Geiger-Nuttall Relationship— There is an interesting relation- 
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ship between the decay constant 



Fig. 10.—Relation between decay constant and 
range of emitted a-particles 


Elements indicated by dots, reading upwards: 
HdTh, ThX, ThC, Thlim, ThA. 

7 ’he point shown as a circle close to ThX 
represents AcX. 


A for any element and the velocity 
V or range R of the a-particles 
which it emits. (See fig. 10.) To 
a first approximation it is found 
that 

log A — A + C logR, 

where A and C are constants; or, 
since K is proportional to 

log A — A -1 B log?;. 

Fig. 11 brings out the jdiysi- 
cal significance of the Geiger- 
Nitttall relationship more ('learly 
than fig. 10, in that it graphically 
represents the relationship be¬ 
tween the logarithm of the decay 
constant and the energy of the 
a-particles. 

Wc see that the shorter the 
life of the element under (‘ori- 
sideration, the greater is the 
energy (or velocity or range) of 



Fig. II.—Relation between decay constant and energy (after Gamow') 


the a-particles it expels. For an interpretation of this relationship 
see p. 358. 
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Table IV.—Relative Positions of the Radioactive Elements 
IN THE Periodic Table 
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• VI 


«-ray chimKe =-= decrease of atomic weight by 4 units and displacement of 2 places to the left 
(i,e. decrease of the atomic number by 2). 

e-ray change = no change of atomic weight and displacement of 1 place to the right 
(i.e. increase of atomic number by i). 

—> = uranium series. 

^ actinium scries. 

—thorium scries. 

For the sake of clearness the thorium series is only shown as far as ThA; beyond that point it 
runs parallel to the actinium series, but with atomic weights less by i. 

Radioactive Disintegration and the Periodic Table - Remarkable 
regalaritics are observed in the chemical properties of the members 
of a radioactive series. Each time an a-particle is emitted the valency 
of the atom alters by two units in the sense corresponding to a decrease 
of atomic number. Each time a ^-particle is emitted, on the other 
hand, the valency alters by one unit in the opposite sense. In Table 
IV a portion of the end of the periodic table (Table I) is reproduced, 
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the table being arranged so that the inert gases are in the middle. 
The radioactive elements are represented by means of a modification 
of the usual scheme, in which atomic weights are taken as ordinates 
and valencies (or more correctly, atomic numbers) as abscissce. From 
this scheme we can deduce the so-called dispheement rule, first enun¬ 
ciated by SoDDY and Fajans (1913): 

The emission of an a-particle causes a decrease of two in the atomic 
number^ i.e. a displacement of two places to the left in the periodic table. 
The cjmssion of a ^-particle causes an increase of one in the atomic 
number, i.e. a displacement of one phee to the right in the periodic table. 

Accordingly we see, c.g., that UI is transformed by thrive successive 
disintegrations (a, ^) into Ull, an element situated in the same 

group as UI and with the same atomic number 92. It follows that 
the two elements UI and UII must be entirely identical in all their 
chemical properties, and in actual fact it is quite inij^ossible to separate 
these two ekuneiits from one another by (diemical means. From a 
chemical point of view the mixture constitutes but one ('!• ment. 
Other (*ascs exhibit the same complexity in a more striking way. Thus 
the end-product of the uranium series is an element with the* atomic 
numb(‘r (and hence also all the (‘hemical })roperties) of lead. From 
the known atomic weight of uranium and from the successive stagers of 
the disintegration series we can deduce that this end-product must 
have the atomic weight 20(5, as compared with 207*180 for ordinary 
lead. In the same way ThD must be chemically identi(*al with kuid, 
but must have the atomic weiglit 208. Accordingly, a number of 
chemically identical leads with different atomic weights must exist. 

In 1914 Honkjschmid prepared pure lead from an African pitch¬ 
blende which was free from thorium and contained exceptionally small 
amounts of other metals as impurities, lie then determined its atomic 
weight, using the same methods and reagents as in the ex])eriments 
by which he had previously found the atomic weight of ordinary lead 
to bo 207*180. For the lead from pitchblcTide he obtained the value 
20G-04G. This makes it certain that the lead in pitchblende is almost 
entirely a disintegration product from uranium. The accuracy of the 
determinations is much greater than the observed difi(a’ence, which 
has been confirmed by other workers. Later (1917), Honigsciimit) also 
investigated lead from thorite and thorianitc. As was expected, the 
nearly pure thorium-lead gave a very high atomic weight, namedy 
207*90. 

Such chemically identical and chemically inseparable elements 
with different atomic weights are called isotopes."^ 

As may be seen from Table IV, further groups of isotopes arc 
thorium, radiothorium, ionium, uranium X, and uranium Y; meso- 

* Or. isos, equal, topos, place. Whole families of isotopes are sometimes called 
pUiada. 
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thorium, thorium X, and radium; radium B, radium D, and the various 
isotopes of lead; and finally radium F (polonium), radium A, radium C', 
thorium A, and thorium C'. Radium D, being chemically undistinguish- 
able from ordinary lead, was at first called radio-lead. The actinium 
derivatives are also isotopic with the corresponding radium derivatives. 
Only in their dilferent life-periods (and of course in their atomic 
weights) do the radioactive isotojwis differ from one another. 

The lino s])ectra of RaG (atomic vrc'ight 2 ()f)) and ordinary lead 
(207* 18) are practically identical in the visible and ultra-viok t regions, 
though very accurate interfcirometric measurements have shown the 
existence of small diff(‘rences (a few hundredths of an Angstrom). 

Appn^ciable differences in density have also been found (compare 
p. 95). Thus T. W. Richards and C. Wadsworth obtained the 
value 11-337 for ordinary lead (atomic weight 207-2), but 11-288 for 
a mixture of RaG and Pb (atomic weight 206-3). The densities are 
such that the quotient of the atomic weight and the density (the 
so-called atomic volimie) is constant — in this case 18-28. Since 
isotopic atoms differ in mass, it must be possible to separate isotopes 
by ])rocesvses depending on mass. Such experiments have, in fact, been 
carried out successfully (p. 96). 


6. The Energy of Radioactive Changes 


Radioactive Equilibrium.- As a rule the radioactive products 
from a solid salt remain occluded in it-, so that the mixture emits all 
three types of rays with intensities corresponding to the amounts of 
th(^ components. This explains why a freshly recrystallizcd radium 
salt shows litth^ activity; in this pure state it emits only its own proper 
a-rays. Gradually, however, the observed activity increases as the 
more active products acc^umulate. Eventually a maximum value is 
reached, wh(*n the quantities of the products forminl in any given 
time become equal to the quantities which disappe^ar as a result of 
disintegration. Under these conditions a state of equilibrium is 
attained. The amount of each product tends to be diminished by its 
own disintegration and increased by the disintegration of its parent 
substance. When radioactive equilibrium is reached these two tenden¬ 
cies are equal, i.e. the rate of disintegration of each product is equal 
to the rate at which it is formed, i.(?. equal to the rate at which its 
parcuit substance disintegrates. This holds throughout the series. Let 
the quantities (i.e. numbers of atoms) of the different substances present 
be respectively Nj, N 2 , N 3 , . . . and their decay constants Aj, Ag, A 3 , ...; 
then when equilibrium is reached 


rfNi ^ dNg ^ rfNa 

(It dt dt 




That is: in radioactive equilibrium the amourds of the different substances 
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in the equilibrium mixture are inversely proportional to their respective 
decay constants or directly proportional to their respective half-life 
periods. 

As an example of the application of this result, wo may take the 
calculation of the half-life period of uranium from the known half- 
life period of radium (1580 years) and the observed radium: uranium 
ratio (3-5 X 10“") in minerals. Writing T for the half-life period, we 
obtain 

: T,. - 1580 : T,. = 3-5 x lO'^ 

whence 

3 - 5 “^ ^ 

This value ap])lies to U I, since the quantity of UII is relatively negli- 

giblo; 

Since the rate of disintegration is the same for all the members 
of a series present when radioactive equilibrium is reached, it follows 
that the total rate of emission of a-particles from the mixture must be 
greater than that from the pure parent substance by a factor equal 
to the num))er of members which emit a-rays. Over times ('omparable 
with the life-period of the parent substance the total activity is ob¬ 
served to fall oft* as a consequence of the progressive disintegration of 
the parent. Hence after a certain time the total observed activity 
passes through a maximum of intensity. The observation of this point 
has an important bearing on the determination of the life-periods and 
the number of juoducts emitting a-rays. 

Evolution of Heat.--- We consider a qiiantity of a radium salt sealed 
up in a small glass tube with walls of such a thickness that only the 
penetrating j8- and y-rays can pass out, the a-rays being held back. 
The ^-rays carry away negative electricity, and the radium salt left 
behind must therefore become positively charged. The disappearance of 
this positive charge has actually been observed in the form of a powerful 
spark when a tube of this kind was opened. 

The P-TSLjs emitted by the salt consist (as we have seen) of negative 
electrons of small mass, which are able to pass through the walls of 
the containing tube. The relatively massive a-rays, on the other hand, 
are stopped by the walls and give up their kinetic energy. The a- 
particles impinge upon the walls and in the process their energy is 
transformed into heat, with the result that the temperature of the 
radium salt rises. It is actually found that the temperature of radium 
salts is several degrees higher than that of their surroundings. 

Of course this heating effect represents only a fraction of the energy 
given out by the radium. Recent measurements show that the rate 
of evolution of energy from radium is 140 cal. per hour per gramme. 
One kilogram of radium would evolve 140 k.cal. per hour, i.e. about 
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a million k.eal. per year. To obtain this amount of energy it would 
be necessary to burn about 130 kgm. of the best coal. The energy 
evolved from 1 kgm. of radium would drive a machine of about 
75 horse-power continuously (although of course the power would fall 
ofE by half in 1580 years). The total energy evolved by 1 gm. of radium 
before disappearing entirely would be 3-7 X 10^ cal., i.e. a million 
times more than that furnished by the combination of sufficient hydro¬ 
gen and oxygen to form 1 kgm. of water. The amount of heat evolved 
by other radioactive elements, such as thorium and uranium, has also 
been measured. Since the rate of disintegration of uranium is slow, 
so also is the rate of heat production. It is found that 1 gm. of uranium 
in ecpiilibrium with its disintegration products evolv{‘s about 2-5 X 
cal. p(T second. The corresponding figure for thorium is 6*8 X 10"^ 
cal. per second. 

Number of a-Particles Emitted. —The best direct determinations 
by counting give 3*72 X 10^^ a-particles per second per gramme of 
ladium (Hess and Lawson). In radioactive equilibrium each gramme 
of radium gives four times this number per second (15’7 X 10^‘^); 
for the total observed includes, in addition to the a-particles from Ra 
itself, those from RaEm, RaA and RaC.* 

The results of these counting experiments may he used to calculate the 
Avogadro constant (Vol. 11, p. 52), tlie method being completely independent 
of the kinetic theory of gases. According to p. 23, we have 

_ ^/N 1 

dt A 


where N is the number of radioactive atoms remaining at a given time t. By 
actual counting we find that for 1 gm. of radium c?N;df = — 3*72 X 10^®. From 
p. 23 we have further 


1 __ T _ ]58() years _ 1580 X 3()5 x 8(U0() 
X ” log^2 0 (393 “ “ 0-(393 


10^° sec. 


As the atomic weight of radium is 226, the number of atoms in a gramme-atom 
(i.e. in 226 gm.) is 

N = 7-18 X 10'» X 3*72 X 10^0 226 = 6*05 X UF-’. 


In most radioactive investigations, as a matter of fact, the calculation is 
reversed. 

There is still another way of deriving the Avogadro number. As w^as first 
found experimentally by Be war in 1910, the volume of helium generated b}^ 
1 gm. of radium per year is 164 mm.®. In radioactive equilibrium the number of 
a-particles emitted is four times that from radium alone, i.e. 

3*72 X 10^0 X 4 X 365 X 86400 = 4*69 X WK 

* The a-ray contribution of RaC' is negligible. It is further assumed that, on 
account of its very long life-period, radioactive equilibrium has not yet been attained 
for RaD. 
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On the assumption that each a-particle gives one helium atom, the number of 
helium atoms contained in 1 cm.^ is 


469 X 10'« 
0164 


- 2*86 


X 




so that the number per gramme-atom comes out as 6*4 X lO®^. This is quite a 
good value for the Avogadro constant. 


Number of (B-Particles Emitted. —This is very difficult to determine 
with certainty. A large number of different experiments have given 
the result that in all probability one jS-particle (electron) is expelled 
per atom in )3-ray disintegration. On account of the continuous energy 
distribution of jS-rays (see fig. 7, p. 20) this result is very important 
in connexion with the theory of jS-ray disintc'gration (p. 359). 


7. The Geological Significance of Radioactivity 

Distribution of Radioactive Substances. —In the course of their 
investigations Elster and Gettel observed that the air in subte^r- 
ranean spaces, such as mines and cellars, possessed a remarkably high 
conductivity. The same is true of air sucked up out of the earth by 
means of a tube driven dovTi into the ground. In both cases the 
ionization of the air gradually dies away over a numb(^r of days, the 
observed half-life period being about four days. This behaviour is 
consistent with the (explanation that a certain quantity of radium 
emanation is mixed with the air, and we are thus led to the conclusion 
that the earth’s crust as a rule contains radium. 

This conclusion can be tested by making use of the fact that the 
disintegration products of radium emanation are deposited uy)on 
negatively charged bodies. A conductor (most conveniently a wire) 
is suspended on insulating supports in a subterranean s])a(^e and is 
maintained for scjveral hours at a potential of about —2000 volts. 
After this “ exposure ” the wire is found to have become radioactive 
on account of the radium A, B, and C deposited upon it. The coating 
of active substances may be removed by rubbing the wire with a soft 
leather and may then be tested for radioactive properties by the 
usual methods (production of conductivity in the air, scintillations on 
a zinc blende screen, blackening of a photographic plate). A nega¬ 
tively charged wire hung up even in the open air shows the same 
behaviour. 

The active deposit proves on closer examination to be a mixture 
of the disintegration products of radium emanation and thorium 
emanation. 

Both radium and thorium can actually be detected in all kinds of 
soil and rock. Primary rocks contain on an average 2 X 10“^^ gm. 
of radium (or 6 X gm. uranium) per gramme. Their thorium 
content is about 2 X 10“® gm. per gramme. The content of radium 
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and thorium in sedimentary rocks is very variable, being greatest in 
clays and least in limestone and sandstone. 

It is to be assumed that the radium has always originated from a 
corresponding uranium content. In many cases it has been possible 
actually to detect the presence of uranium, although the chemical 
tests are relatively insensitive and difficult to carry out. 

Like the air contained in the earth, all water in contact with the 
earth contains radium emanation. Many hot springs are particularly 
rich in it, and the sinter from them contains radium compounds, 
somcitimes in concentrations high enough for commercial exploitation. 

Evolution of Heat in the Earth by Radioactive Substances. —The 
energy given out by the radioactive substances distributed through 
the soil and rocks plays a j)art in maintaining the earth’s supply of 
heat. If we assume that the distribution of radioactive material is 
uniform throughout the whole globe and the same as is observed near 
the surface, then we arrive at the result that the rate of evolution of 
heat by radioactive disintegration would be far greater than the actual 
rate of loss by radiation into space. In order to explain the steady 
thermal state of the earth, it is sufficient to assume the existence of 
a relatively thin surface layer containing radioactive elements in the 
observed concentration. 

Wo are thus led to the view that the concentration of radioactive 
elements must decrease rapidly (almost exponentially) with increasing 
(le})tb.. The distance corresponding to a decrease 1 o 1 /e of the original 
value is about 13 km. From the chemical properties of uranium and 
thorium it is plausible that they should be concentrated in the outer¬ 
most regions as the earth’s crust solidified. Taking mean values as a 
basis, we obtain the following results for the rate of production of 
heat per cm.^ of rock: from uranium and its products, 4*0 X 10~^® 
cal. per second; from thorium, 3*7 X 10“^^ cal. per second; total, 
7-7 X 10“i3 cal. per second. 

As may be calculated from the mean thermal conductivity of the 
earth’s substance and the temperature gradient tow^ards the centre, 
the earth radiates 6 X 10 ^^ ^al. per second into space. To balance 
this loss it is necessary, on the basis of the figures given above, to 
postulate the existence of about 4*5 X 10^® gm. of thorium and 
1-2 X 10^® gm. of uranium. 

If, however, the distribution of thorium and uranium were the 
same throughout the whole globe as it is at the surface, we should 
have 12 X 10^^ gm. of the former element and 3-6 X 10 ^^ of the 
latter. From this we can compute that a surface layer only about 
16 km. thick would suffice to maintain the thermal state of the earth, 
if the distribution were uniform and the concentration equal to that 
quoted above. Recently a determination has also been made of the 
rate of evolution of heat in the radioactive disintegration of potassium 
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It is found that this rate is probably as great as that due to uranium 
and thorium put together. This naturally affects very considerably 
some of the numerical results given above. 

Determination of the Age of the Earth. —The theory of radio¬ 
activity is important in geology because it provides methods for calcu¬ 
lating the age of minerals and rocks belonging to different geological 
periods. It is assumed that during their time of production the minerals 
in question have been free from disturbing chemical influences. There 

are three main ways in which th(^ 
calculation may be 
According to the theory of 



activity a mineral containing uranium 
must also contain the non-active 
end-product, radio-lead. The older 
the mineral, the greater must be the 
ratio of lead to uranium in it. 
Moreover, the helium produced in the 
disintegration is usually retained in 
the mineral, so that the helium con- 


Fig. 12. —Pleochroic halo in a fluorspar 
crystal (magnification 480) 

[From Zeitschr. f. Physik, Vol XXVI, 1924 
(Springer, Berlin).] 


tent must be proportional to the age 
of the mineral. The third method, 
available in certain special cases, 
makes use of the small halos, the 


so-called pleochroic halos * (fig. 12), sometimes found in natural 
crystals. These are a result of bombardment by the a-particles from 
minute radioactive inclusions over long periods of time. They often 
show clearly marked rings corresponding to the different ranges of the 
a-particles from successive members of a disintegration series. These 
halos can also be imitated artificially. 

The values obtained by these methods can only be regarded as 
provisional estimates, but they already constitute an invaluable 
means for determining the ages of the various geological epochs. The 
general result is that there actually is a parallelism between the ages 
deduced on geological grounds and those obtained from radioactive 
data. The numerical values range from about 8 million years for the 
Oligocene period, 31 million .for the Eocene, 150 million for the Car¬ 
boniferous (coal), 300 million for the Devonian (first land plants) to 
about 1000 million for the Precambrian. The first appearance of life 
on the earth was probably about 1200 million years ago. An age of 
1600 million years has been found for the oldest gneissoid granites. 
These values are consistent with estimates based on independent 
geological considerations. 


♦ Gr. 2 >feon, more, c^ros, colour. 
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C. The Interaction of Matter and Cathode Rays 

8. A General Account of the Passage of Electrons through 
Matter 

Historical. —In the year 1802 H. Hertz made the discovery that cathode rays 
(Vol. Ill, p. 330) can pass through thin metal foil. A piece of uranium glass, which 
gives a green fluorescence when exposed to catliodo rays, was covered with a 
very thin sheet ol aluminium and mounted in a discharge tube. W^hen cathode 
rays fell on the metal, the glass underneath fluorestjcd. Hertz proved that the 
cathode rays did not pass through holes in the thin metal foil, but actually 
through the matter (i.c. the metal) itself. Lenard succeeded (1893) in making 
cathode rays pass out of the discharge tube through a thin aluminium window 
(see Vol. Ill, fig. 46, p. 332), This was the first time that the rays had been made 
available for investigation outside the tube in which they w(‘re produced. It 
now became possible to investigate the interaction between cathode rays and 
inattcT independently of disturbing effects due to the discharge tube. Such 
investigations, extending the work of Lenard, have given us a deeper insight 
into the nature of electricity and of matter. 

The simplest way of detecting the rays passing out through a window is to 
hold a fluorescent substance in the emerging beam, the most suitable sub¬ 
stance being zinc silicate containing manganese, A screen coated with such a 
substaiw^e glows brightly at the spot where the cathode rays strike it. The rays 
can also be photographed directly, although the eye does not detect them. 

We shall now give a general description of the phenomena, reserv¬ 
ing a more detailed discussion till later (pp. 39 and 4(1). 

Absorption of Cathode Rays. — Ex])erimeu1.s with a fluorescent 
screen show that thd glow is brightest near the window and that it 
falls off in intensity with the distance. If the tube is working at a 
potential difference of about 40,000 volts and the aluniinium window 
is a few thousandths of a millimetre thick, the screen remains quite 
dark when placed at a distance of about 8 cm. from th(i window. 
Thus the rays are absorbed to a considerable extent by air at atmo¬ 
spheric pressure. Lknard found that matter behaves in an extremely 
surprising way with regard to the absorption of these rapidly moving 
electrons. His result (Lemrd's mass absorption law 1894), which has 
been of very great importance for subsequent investigations in atomic 
physics, may be stated as follows: 

To a first approximation the absorption of fiast electrons (v > 0*2 c, 
c being the velocity of light) is determined only by the mass of matter 
traversed and is completely independent of the chemical nature of the 
substance, in question. 

Figs. 13 and 14 are reproductions of two photographic negatives illustrating 
this property. The plate was covered with strips of different metal foils of the 
given thicknesses and expovsed to the cathode rays in a thin walled plate-holder 
placed in front of the Lenard window. It is evident (fig. 13) that gold absorbs 
more strongly than silver (there being less blackening with gold) and that silver 
absorbs more strongly than aluminium, when all the foils have the same thick- 
(E957) 4 
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ness. If, however, the thicknesses are so chosen that the masses per unit area are 
equal (fig. 14), then the absorptions (blackenings) are also equal. 



Fig. 13.—Foils of equal thickness 
(0*00071 mm.) 



Figs. 13 and 14.—Shadow photographs of various metal foils taken by means of cathode rays in a 
ligiit-tight, thin-walled plate-holder placed in front of a Lenard window 

[From Lenard, Vber Kathodenstrahlen (Nobel I.,ecture: J. A. Barth, Leipzig).] 


This was the first absolutely inescapable experimental evidence 
for the conclusion that the atoms of the different chemical elements 
do not differ qualitatively, but only quantitatively, in their behaviour 
towards electricity, and must therefore all consist of the same “ basic 

substance ’’ in differing quantities. 
As we have already ex])laincd, this 
conclusion has been brilliantly con¬ 
firmed by subsequent investigations. 
For a further discussion of absorp¬ 
tion see p. 42. 

Diffusion of Cathode Rays.— 

Another important phenomenon 
arises during the passage of elec¬ 
trons through matter. If a wall of 
absorbing material with a hole in it 
is placed at a suitable distance 
from the window of a discharge 
tube, the appearance shown in fig. 

15 is obtained when a fluorescent 
screen is placed at right angles to the wall (in the plane of the 
paper in fig. 15). The dotted lines indicate the narrow beam 
which one would expect to obtain if the rays travelled in straight 
lines. The cone-shaped spreading of the beam proves that in 
passing through air cathode rays behave like light passing through 
a turbid medium. Now the only “ turbidity in the air arises from the 
molecules in it; hence it must be these that deflect the cathode rays. 



Fig. 15.—Scattering of cathode rays in air 
[From I.enard, Vber Kathodenstrahlen (Nobel 
Lecture: J. A. Barth, Leipzig).] 











PASSAGE OF ELECTRONS THROUGH MATTER 35 


Fig. 16 is a diagram (analogous to fig. 15) for hydrogen at a pressure 
of 40 mm. of mercury. We see that the beam begins to spread notice¬ 
ably at about 10 cm. from the aperture. The free path for extremely 
small bodies in hydrogen at this pressure is, however, only 0*002 cm. 
(Vol. II, p. 50 Hence every electron must have passed right through 



Fit?. 16.—Proof that electrons pass through atoms (after Lenard) 


at least 5000 hydrogen molecules without appreciable deviation. The 
diffusion of cathodes rays is due to the deviation of electrons in their 
^passage through atoms. Further experiments show that with fast 
electrons only very small deviations occur in the passage through 
single atoms, but that as the elec‘tron velotdty decreases the deflections 
become greater. Further, if the conditions are otherwise similar the 
deflection is gn^ater, the greater the atomic weight of the atom. Thus 
the interior of the atom has an effect upon the electron which we 
shoot into it as a test body. The only other kiiov7i causes of deflec¬ 
tion of electrons are electric and magnetic fields. Hence the behaviour 
of electrons gives us information about the fields in the interior of 
atoms. In this way we actually find that regions of extremely high 
fieki strength must exist within atoms, in order that the observed 
deflections may be produced. 

Distribution of the Fields of Force in Space. —An insight into the 
distribution of the atomic fields in space can be obtained from the 
absorption of cathode rays of different velocities (see further p. 42). 
As Lenard observed, the fastest elec^trons with velocities approaching 
that of light pass through a very large number of molecukis without 
being appreciably affected. The centres of force must therefore be 
very small. From the number of atoms passed through in the limiting 

* The formula given there must be modified in accordance with Vol. Ill, p. 307, 
since we are dealing with particles whose radius is much smaller than that of the 
hydrogen molecule. The value to be taken for n' is 2-7 x 10^® x 760/40. 
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case of very high velocities we can calculate the size of each centre of 
force (p. 44), that is to say, the fraction of the atomic cross-section 
which stops all those electrons wiiich fall upon it, no matter how 
great their velocity. If, for example, we imagine a metre cube of a 
very heavy substance (say platinum), Lenard’s measurements give 
the result that the total impenetrable volume of all the centres of force 
contained in the cube is less than that of a pin’s head. All the rest 
of the volume, that is to say, practically the whole of the cube, con¬ 
tains no centres of force, nothing but electric and magru'tic fields sucli 
as exist in the ether alone. This conclusion of Lenarb about the very 
small size of the centres of force (i.e. the negative and positive charges) 
forms a foundation for more modern views of the structure of matter. 



Fig. 17.—Forked electron tracks (secondary electrons of high velocity) (after Bothe) 
[From (»eiger-Scheel, Handbuch der Pftysik, Vol. XXII, Part II (Springer, Berlin).] 


Secondary Rays. —In passing through an atom, an electron of 
sufficiently high velocity may give rise to such intense disturbance 
within the atom that one or more other electrons are expelled. These 
constitute the so-called secondary cathode rays. The velocity of the 
secondary electrons is in general very low, although occasionally very 
fast secondary electrons are observed. The number of secondary 
electrons produced, i.e. the probability of their expulsion from an 
atom through which a fast primary electron passes, is greatest for a 
certain quite definite velocity of the primary electron. Below a certain 
primary velocity there are practically no secondary electrons. In 
cosmic radiation (p. 114) charged particles have been observed of very 
high penetrating power, far higher than that of any electron, however 
swift. These particles have been called mesons. By measuring the 
curvature of their tracks in a magnetic field, their mass has been found 
to be about 180 times the electron mass. 

Owing to their low velocities, the secondary electrons are very 
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strongly absorbed by the surrounding molecules. In gases the 
positively charged atomic residue soon becomes a positive carrier of 
high molecular weight, while the molecule which absorbs the electron 
similarly becomes a negative carrier. As was explained in Vol. Ill, 



p. 338, this is of fundamental importance for the conduction of 
electricity in gases. 

Cloud-Track Photographs. —The production of carriers of electricity 
in the track of an electron makes it possible to render the tracks of 
individual electrons visible by Wilson’s method (Vol. Ill, p. 336). 
What we actually see are the water droplets formed upon the complex 
molecules of the carriers. 
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Fig. 17 illustrates the production of secondary electrons of comparatively 

high velocity—a relatively rare occurrence. The photographs show two harked 

electron tracks, i.e. two cases in which a relatively large amount of the energy 

of the primary electron has been 

transferred to a secondary electron. 

In the lower photograph about half 

the energy of the primary electron 

has been given up to the secondary. 

These fast secondary electrons can 

in their turn produce ionization of 

other atoms or molecul(KS, giving rise 

to tertiary electrons, and so on. It 

is to be noted that along the tracks 

of sufficiently fast electrons th(‘ M'at(‘r 

droplets (which correspond as a rule 

to single ions) do not occur in ])airs 

only, but also in groups of 4, (), S, 

and more. This corresponds to the 

production by a secondary electron 

of 1, 2, JI, or more further electrons. 

Fig. 18 is a reproduction of a pilot o- 

graph taken by Der, who suocec(l(‘d 

in obtaining such clear tracks that 

every positive and negative ion is 

visible as a separate droplet of water. 

In the case shown in the figure an 

electric field had been jircviously 

applied and was then switched oif 

xr; I’.wT I . * 1 - .. 1 e r .. at tlic instaiit of expansion. At this 

Fig. IQ. —Difference between the tracks of very fast . , , i. . ^ i i 

and of slower electrons instant a very fast fdectron passed 


and of slower electrons instant a very fast fdectron passed 

[From Rutherford, Radiations from Radioactive Sub- througll the chamber and gave the 
stances (Cambridge University Press).] track visible in the figure. On ac¬ 

count of the high velocity of the 
electron the track is nearly straight. (It can be seen that before the expan¬ 
sion a slower electron also entered through the side.) Under the influence of the 
electric field the ions have been urged apart, so that two separate rows can be 



Fig. zo .—Spiral electron tracks in a magnetic field of 1140 gauss (after Skobelzyn, ZeiUchrift 
fur Physik, Vol. XLIII (1927) (Springer, Berlin)) 


made out, one positive and one negative. The difference between the diffusicn 
of fast and slow electrons is shown very beautifully in fig. 19. The nearly 
straight track is that of a p-particle and the very crooked ones are those of the 
much slower electrons liberated by the photoelectric effect from the gas itself. 
If a magnetic field is applied at the time of photographing, the tracks are made 
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to curve round the lines of force (sec fig. 20) and the velocities of the electrons can 
be calculated from the observed radii as in Vol. Ill, p. 324. It is found that in 
certain cases extremely high energies (up to several hundred thousand volts) are 
given up by an electron to an atom in passing through it. 



Fig. 21.—Collision of a fast electron uith an electron (stereoscopic) 

[From Rutherford, Radiations from Radioactive Substances (Cambridge University Pr^ss).] 


Fig. 21 is a photograph showing the direct collision of a comparatively slow 
fi-particle with an electron. The nature of the collision is deduced from the fact 
that tlie two tracks are at right angles after the collision. For further cloud- 
tracks of electrons see figs. 23-2f) (pp. 134-136). 

Electron Diffraction. —If the atoms of the substance through 
which the electrons pass are regularly arranged (single crystals, mole¬ 
cules), special phenomena are observed; these will be dealt with later 
(p. 247 ). 

Excitation of Undulatory Radiations. —If the cathode rays are 
sufficiently intense, the air near the Lenard window is seen to glow; 
that is, light is produced in the passage of electrons through matter. 
It was further mentioned in Vol. Ill (p. 347) that X-rays are generated 
by the impact of cathode rays upon matter. For further details see 
pp. 46 and 137. 

9. The Passage of Electrons through Matter: Fundamental 
Ideas and Quantitative Relationships 

Fundamental Ideas. —As cloud-track photographs show, the passage 
of cathode rays through matter is a very complicated process. Quan¬ 
titative information is usually obtainable only from the observation 
of beams containing large numbers of electrons, and it is necessary 
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to understand how the laws of the interaction of electrons and atoms 
may be derived from the statistical mean values so obtained. The 
fundamental ideas are for the most part due to Lenard. As a result 
of the deflections of the individual electrons, an initially parallel beam 
becomes diffuse as it passes through matter. Eventually a final con¬ 
dition (so-called complete scattering *) is reached, in which the diffuse¬ 
ness of the cathode rays has reached the maximum attainable by 
scattering in matter. In any further passage through the matter in 
question the directional distribution of the electrons remains un¬ 
changed. (Cathode rays emerging completely scattered from a plate 
have a directional distribution which is the same as that of the intensity 
of light emitted from an incandescent solid surface (Lambert’s law; ef. 
Vol. IV, p. 24)). It is necessary to distinguish between the path length x 
of the beam (i.e. the thickness of the medium measured in the direction of 
the beam) and the path length 1 of an electron (i.e. the total distance 
actually travelled by an individual electron on its devious course). The 
latter length is always greater than (or in the limit equal to) the former. 

Owing to the many deflections of the individual electron paths in 
passing through matter, a certain fraction of the electrons are deviated 
so far away from their original direction as to move backwards relative 
to the beam, AVe may refer to this as large-angle scattering or back 
scattcring/\ Thus in the case of a beam of cathode rays incident on 
thin foil, some electrons pass through and out at the other side, and 
some return and pass out at the original side owing to back scattering. 
The relative nurtiber of backward-scattered electrons at first increases 
with increasing thickness of the layer of matter, gradually a])proaching 
a limiting value (for the thickness say). The fraction of the incident 
electrons returned by an infinitely thick plate may be called th(i back 
scattering constant p. The ratio of the electron path length I to the 
beam path length x in the final steady state (complete scattering) 
gives a measure of the extent to which the electron paths are deviated. 
This ratio B enables us to calculate true electron path lengths from 
beam path lengths and to draw conclusions which are independent 
of the devious paths followed by individual electrons. 

Table V gives numerical values for two velocities. Here, as in 
future, the electron velocities are expressed in terms of th(^ ratio )3 
of the actual velocity v to that of light c, i.e. j8 == vjc. 

Diminution of Velocity. —The true rate of decrease of velocity with 
distance measured along the electron path (i.e. dvjdl) cannot be measured 
directly. What is obtained in actual measurements is the rate of 
decrease of velocity with distance measured along the beam (i.e. dvjdx) 
for the majority of the electrons in the final state and for equal 
angles of entry and exit. Greater and smaller velocity changes 
also occur, but only in the case of a minority of the electrons. 

* Ger. Normallauf, t Cter. RiickdiJJusion, 
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Fi^. 22 shows the velocity losses in ahimininm graphically. The losses 
})lotted as ordinates refer to a thickness of 0*01 mm. For other snb- 
stances the values of dvjdx have a more rapid increase than that corre¬ 
sponding to proportionality to mass. The true rate of decrease in 
velocity with distance measim'd along the eh'ctroii path (i.e. dvldl) 
is a])proximately ])roportional to mass. Tims in a material with a 
density twice that of aluminium the corr(^s])on<ling values of dvldl 
are approximately twic(^ as gn^at, while the values of dvjdx are more 
than twice as great. This is duetto the 
fact that with the denser elements, most 
of whi(*h possess liigher atomic, weights, 
the deviations of the el(‘ctron paths are 
greater. 




Fijf. 22.—Velocity loss of electrons (com¬ 
pletely scattered) in the direction of the beam 
(o oi mm. aluminium) (after Becker). 


FiR. 23.—limiting thicknesses in 
aluminium for different electron 
velocities (after Lenard). 


Limiting Thickness and Range.^ —^For every substance there exists 
a more or less well-defined thickness {limiting thickness x) which will 
reduce to zero the velocity of a beam of cathode rays in the state of 
complete scattering. (The velocity referred to here is that mentioned 
above, viz. that of the majority of the electrons in the beam.) Fig. 23 
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gives the relationship between limiting thickness and electron velocity 
for aluminium. Of still greater interest are the actual lengths of path 
(Iq) traversed by the electrons before they are completely stopped 
(true ranges). These can be calculated approximately by multiplying 
the limiting thickness by the factor B referred to above. Direct cloud- 
track photographs show that for a given initial elecitroii velocity the 
maximum electron range Iq in any given medium is more or loss the 
same for all the electrons (see figs. 2^1, 20, pp. 134, 130). 

Absorption. —The most marked effect in the passage of a homo¬ 
geneous beam of cathode rays through a jJate is not the dirnmution of 
velocity dealt with above, but a diminution in the actual number of 
electrons. This latter effect depends upon the initial velocity, the 
nature of the material of the plate, and the directional distribution 
at incidence. For thicknesses greater than Xj^ (see above, p. 40), how¬ 
ever, it becomes independent of the distribution at incidence, and in 
this case the number Uq of electrons for a thickness X (greater than Xj^) 
is connected with the corresponding number n for tJ)e thickness (X + 
by nutans of the equation 

n — 

The constant a, which has the dimensions of th(.‘ reciprocal of a length, 
is called the practical absorption coefficient^ while the quotient of a and 
the density p of the absorbing material is called the practical mass- 
absorption coefficient. 

Variation of Practical Absorption Coefficients with the Nature of 
the Material. —It has already been mentioned (p. 33) that the absorp¬ 
tion of fast electrons is proportional to the absorbing mass. Table VI 
gives values for various materials. 

Table VI 


Substance 

a 

p 

fl/p 

Hydrogen (760 mrn.) 

0-467 

0-0000849 

5610 

Air (760 mm.) .. 

3-42 

0-00123 

2780 

Aluminium 

7150 

2-7 

2650 

Copper. 

23800 

8-9 

2670 

8ilver. 

32200 

10-5 

3070 

Gold . 

55600 

19-3 

2880 


For velocities lower than /8 — OT the absorption is no longer 
proportional to mass. Here the gas-kinetic * molecular cross-section 
or free path of the electrons becomes effective, and different substances 
accordingly behave differently. At moderate velocities Hg behaves 
abnormally (see Table VI) in showing an absorption 1*8 times greater 

* Following Andrade {Structure of the Atom, 3rd Ed., p. 10 (G. Bell & Sons, 1927)), 
we uso this conveniently short word to translate the Germain gaskinetisch. 
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than that expected, while He sliows an absorption 0*7 times greater 
than that corresponding to proportionality to mass. All hydrogen 
compounds likewise show anomalously high values, and the same is 
true of Cl, Rr, and I. 

Variation of Absorption with Velocity. —The smaller the electron 
velocity, the greater is the absorption. This is evident from the values 
given in Table VII, which show that matter becomes more and more 


Tatm.e VII 
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1 
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penetrable as the velocity of the electrons is incn'ased. Thus the 
average numb(u* of atoms passed through in air and aluminium before 
an electron is absorbed is 18,000 for a velocity giving 0*35 and 
4,500,000 for —- 0*92. It is very remarkable that in the case of a 
stream of electrons of uniform velocity incident upon an absorbing 
layer, the electrons passing through do not exhibit a range of veloci¬ 
ties from zero to an upper limit, but have one more or less well-dchned 
velocity (p. 40). which is lower than the original incident velocity. 
Again, the diminution of velocity is very much loss marked than the 
actual diminution in the number of electrons (or intensity of the beam). 
When the velocity of the emergent electrons is reduced to half, the 
number is reduced to quite a dillVrent order of magnitude. For 
)3 — 0*3 only 1-5 per cent of the passages through atoms cause appreci¬ 
able velocity reduction; for )3 = 0*9 only 0-085 per cent. Since the 
direction of motion also remains practically unaltered in the majority 
of cases, it follows that in such ernes the electron flics right through the 
aimn without being subject to any appreciable forces. 

Thus the greater the velocity of an electron, the smaller is the 
probability that it will interact with an atom through which it passes. 
This behaviour can be seen very clearly in the cloud-track photographs 
of figs. 18, 19 (pp. 37, 3S). 

Absorbing Cross-section. — The greater penetrability of atoms 
at high electron velocities may be expressed by ascribing to each 
atom an absorbing cross-section Q which decreases as the electron 
velocity increases. The absorption coefficient may then be regarded 
as the total area of the absorbing cross-sections of all the atoms in 
one cubic centimetre. This is in agreement with the dimensions of 
the absorption coefficient (see above), namely [cm.“^] = [cm.^/cm.^J. 



44 


ELECTRICAL STRUCTURE OF MATTER 


The absorbing cross-section of a molecule or atom is obtained by 
dividing a by Avogadro’s number (Vol. II, p. 52). 

At low electron velocities (not below 10 volts) the absorbing cross- 
section for air is found to be about 30 per cent greater than the gas- 
kinetic cross-section. This means that electric fields exist outside the 
volume regarded as impenetrable in the collision of molecules accord¬ 
ing to the kinetic theory. For greater electron velocities the absorbing 
cross-section falls off for all substances. Particular interest attaches 
to the value corresponding to ^ — 1 , i.e. to electrons with the sj)e(id 
of light, for this must represent the cross-section of that part of the 
iitom which is completely impenetrable to electrons. For p — 0-99 
the value for air is only 2*4 X 10^^ of the ordinary gas-kinetic cross- 
section. This means that the radius of the impenetrable, area (supposed 
circular) corresponding to a pair of elementary charges (edectron 

and jjroton— L?:nari)\s “dynamid’’) 
has a limiting value of about 
3 X 10 cm. Thus we arrive at 
the following ext emely important 
result (obtained quantitatively by 
Lknari) as early as 1903): the 
effective radius of the electron and 
also of the proton wust he less than 
3 X 10"^“ cm. (See further p. 82.) 

Since the true absorbing cross- 
section per unit mass falls off in 
general as tlie atomics weight in- 

I'ls. 24 .—Ramsauer’s circle method crcasos, wc are Icd to the coiiclusion 

that in the elements of higher atomic 
weight the charges must be more densely concentrated. The decrease 
of ajp as we pass from H to He is especially marked, and indicates 
that in He the positive charges must be very closely packed—a 
conclusion that makes it easy to understand the extreme stability 
of a-particles. 

Effective Cross-section for Very Slow Electrons (the Ramsauer 
Effect). —A quite unexpected phenomenon was discovered by Ram¬ 
sauer in the course of his experiments on the passage of very slow 
electrons through gases (1921). He found that argon is almost com¬ 
pletely permeable to electrons with velocities of about 0*4 volt and that 
at these velocities there is no scattering. 

At this point a short account may be given of Ramsauer’s method 
{the so-called circle method), which is of considerable importance for 
the investigation of electrons. A small metal box (fig. 24) contains a 
zinc plate Zn, from which the electrons are liberated photoelcctrically. 
The whole apparatus is placed in a magnetic field (the lines of force 
being perpendicular to the plane of the figure), so that the electrons 
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move in circular paths. The apertures 1, 2, 3, 4, 5 in screens serve to 
select electrons of definite velocities. The cages V and H are insulated 
from the main framework of the apparatus. If V and H are coimected 






Figs. 25, 26, 27, and 28.—Effective cros9<sections for different gases reduced 
to o® C. and i mm. Hg. 

fco each other and to an electrometer, a measure is obtained of the total 
number of electrons passing through the aperture 6. If only H is 
connected to the electrometer, a measure is obtained of the fraction 
of the electrons that passes through V without appreciable diminution 
of velocity and without absorption or alteration of direction. Those 
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electrons whose velocity is diminished have their paths more strongly 
bent in the magnetic field and so fail to enter H. Different velocities 
can be investigated by altering the strength of the magnetic field, and 
different gases and gas pressures can be used. 

What is measured in the above method is the so-called effective 
cross-section of the atoms or molecules of the gas, i.e. that cross-section 
which is effective in influencing the electrons, either by stopping them 
or by altering their velocities or directions of motion. Figs. 25, 26, 27, 
and 28 show examples of the results obtained. The gas-kinetic cross- 
sections are plotted as ordinates to the right of the figures. The (. ffectivo 
cross-section of the atoms of the inert gases increases at first as the 
electron velocity decreases down to about 10 volts, when it is much 
greater than the gas-kinetic value. Thereafter it falls off again 
almost to zero for slower electrons, but probably rises again finally for 
velocities below | to | volt. The paraffins also show a similar marked 
falling-off of the effective cross-section for slow electrons. In contrast 
to this the values for Hg, Zn, Od, and in particular the alkali metals 
(the ordinate scale in fig. 27 is much smaller than in the other figures), 
show a very remarkable increase with decreasing electron velocity. 

As was mentioned above, there are three processes to be taken into account 
in giving an explanation of effective cross-sections: (1) deflections without loss of 
velocity (elastic collisions); (2) partial loss of velocity (inelastic collisions); 
and (3) complete loss of velocity (absorption). 

The parts played by these thr(*e processes are not yet known with certaint\'. 
The maximum of the curves, however, does not seem to depend on the onset of 
absorption, but on deflections without energy loss. 

10. Energy Transformations in the Passage of Electrons 
through Matter 

Secondary Electrons. —The total number of secondary electrons 
produced in the passage of a primary beam of electrons through the 
atoms and molecules in 1 cm. of path (i.e. in a layer of the medium 
1 cm. thick) is called the differential secondary effect. If the ])rimary 
velocities are large, many of the secondary electrons may themselves 
liberate farther electrons in passing through atoms (so-called tertiary 
electrons, and so on); it is therefore necessary to distinguish between 
the total differential secondary effect and the pure differential secondary 
effect, i.e. the number of electrons produced per 1 cm. layer by the 
primary electrons alone. We may use to denote the total number 
of electrons (or pairs of carriers) produced along the whole length of an 
electron track. Table VIII gives some numerical data on secondary 
electrons for various primary velocities; s is the total differential 
secondary effect, s' the pure differential secondary effect, in air under 
normal conditions.* 


* The values in brackets are uncertain. 
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The mean energy loss of a primary electron in passing through and 
ionizing an atom appears to be about 30 to 40 electron volts. This 
value appears to hold approximately for all elements (for air it is about 
32*2 electron volts), with the exception of the halogens, for which 
the loss is considerably smaller. As is shown by cloud-track photo¬ 
graphs, the loss of energy of a moving electron as a rule takes place 
in a very large number of small steps, each of the above magnitude. 
Hence we have Si — U/e, where U is the initial energy and e = 32*2 
volts for air. The average velocity of the secon.dary electrons, however, 
is much smaller. The nature of the energy distribution in this case 
is still obscure. With very high primary velocities a considerable 
number of fast secondary electrons are also produced with velocities 
up to several thousand volts (fig. 17, p. 36). This can be seen from 
the diflerences l)etwecn the corresponding values of s and &•' (p. 46) 
in Table VIII. The number of secondary electrons is to a first approxi¬ 
mation j)roportional to the mass and independent of the state of 
aggregation. Hydrogen forms an exception, as it gives many more 
secondary electrons than the number corresponding to proportionality 
to the mass (up to twelve times as many). This is true for hydrogen 
compounds as well as for the element itself. 

The production of secondary electrons in insulating media is 
associated with the appearance of electrical conductivity, and this 
may be used to measure the intensity of cathode rays. As is shown 
by Table VIII, no secondary effect is produced below a certain limiting 
velocity of about 11 volts ()3" 0-006). The differential secondary 
effect thereafter increases rapidly to a maximum at the optimum velo¬ 
city, which lies in the neighbourhood of 130 to 150 volts (jS — 0-024) 
for most substances. At higher velocities s then gradually falls off 
again. 

Secondary electrons are also emitted from the surface of a solid 
upon which a primary beam is incident. Under suitable conditions 
the solid body may become positively charged, since the number of 
secondary electrons lost may exceed the number of primary electrons 
captured. 
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Not every passage of an electron through an atom gives a secondary 
electron; this is especially true at high velocities. Apparently it is 
only at the optimum velocity that every such passage causes ionization. 

The resulting ion and secondary electron then 
very quickly form carriers of greater molecular 
complexity. 

Energy Relationships in the Collisions of 
Very Slow Electrons with Atoms. —A general 
accoimt will first be given of the method for 
measuring the velocity distribution of electrons 
in a beam, first used by Lenar o and sub¬ 
sequently applied in very widely varying 
ways. 

The electrons, whose velocity distribution 
in the space between A and B (fig. 29) is 
to be determined, are emitted from the source Q, pass through a 
grid placed at A, and fall upon a plate (or box) at B. A potential 
difference, which can be varied at will, is now a])plied between A 
and B, so that B is negative relative to A. The electrons enter¬ 
ing the space between A and B thus pass into a retarding field. 
Suppose that the potential difference between Q and A is Uj/, then 
the kinetic energy of the entering electrons is cU^,. The work done in 
passing through the opposing })otential differcMice U between A and B 
is eU, and hence the energy on arrival at B is c(lTj^ U), i.e, the volt- 
velocity at B is (Uq — U). 

If U = Uy, the velocity of the electrons is just reduced to zero at 
B, and they are then driven back again to A by the field. In the case 
of a beam containing electrons of different velocities, the retarding 
potential U will prevent those electrons with volt-velocities smaller 
than U from getting to B. The current between A and B can bo 
measured. It is given by the number of electrons passing between A 
and B in unit time, and hence falls off as the retarding potential is 
increased, by an amount corresponding to the number of electrons of 
velocity less than U. Fig. 30 shows one of these current-potential curves. 
In this case the highest velocity in the electron beam is 20 volts, so 
that the current becomes zero for a retarding potential of this magni¬ 
tude. For this value and higher values of the retarding potentials all 
the electrons passing through A will be turned back by the field before 
reaching B, those of low velocity after a short distance and those of 
higher velocity after a correspondingly greater distance. This turning 
back of the electrons is analogous to the falling back to earth of stones 
thrown upwards against the earth’s opposing gravitational field. The 
slope of the curve at any given potent al (i.e. dljdV at this point) is a 
measure of the number of electrons which just fail to reach B at this 
potential, i.e. the negative fraction of the electrons possessing the 
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corresponding velocity (or, more exactly, possessing velocities lying 
in the range dV). Thus in fig. 30 the current decreases from 90 per 
cent to 60 per cent as the potential is changed from —5 volts to —15 
volts. This indicates that 30 per cent of the electrons have velocities 



Fig. 30.— Current-potfntial 
curve f^or the retarding field 
method. 



Fig. 31.—\'elocity distribution curve 
corresponding to hg. 30 


lying between 5 and 15 volts. Hence th(' derived curve of the 
current-potential curve is the velocity distribution cur\'e. Fig. 31 
is obtained in this way from fig. 30. {Method of the retarding electric 
field.) 

Ionization Potentials. Resonance Potentials. —As has already been 
stated on p. 36, electrons of very low 
velocity are not able to produce secondary 
electrons by interaction with atoms or 
molecules. Lknakd showed (1902) that a 
certain minimum primary velocity is nect^s- 
sary before secondary electrons (and the 
residual positive ions) are produced. He 
used a method identical in principle with 
that outlined above. The electrons, ac¬ 
celerated to a definite velocity, entered a box 
in which they collided with gas molecules. Within the box was a ring 
R (fig. 32) winch was maintained at a siifficicmtly high negative i)oten- 
tial and connected with an electrometer. The primary electrons were 
unable to reach this ring on account of the opposing field; but the 
positive carriers or ions produced were attracted to it. Ionization 
consequently gave a positive charge on the electrometer. With this 

(E 957 ) * 



the nuvasurement of ionization po- 
tenti.ils. 
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apparatus it was found that, under the experimental conditions, a 
minimum primary electron velocity of about 10 volts was roqui ed 
(see fig. 33) before positive ions were produced, i.e. before secondary 
electrons were liberated. The potential recjuired to remove an electron 



Fig. 33.—Determination of ionization 
potential (Lenard, 1902) 
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Fig. 34.' “I. Diagram of appa- 
ratuj. for measuring reson.ince 
and ionization potentials sepa¬ 
rately. 

11 . Arrangement for more 
accurate measurement of re¬ 
sonance potentials. 


from an atom is called the ionization 'potential. The value found by 
Lenard is that appropriate to the mercury atoms which are always 
present in evacuated tubes (coming from the pumps) unless they are 
removed by condensation in a trap cooled with liquid air. Later 



Fig. 35.—Resonance potentials and ionization potential of mercury 
(after Davis and Goucher) 


experiments have shown that quite definite ionization potentials are 
associated with each kind of atom. The lowest ionization potential 
is that of Cs (3-9 volts); the highest that of He (24*5 volts). A table 
of ionization potentials for the various elements, some of which are 
obtained by other methods, is given on p. 301. In extending the work 
of Lenard with an apparatus similar in principle to that of fig. 32 
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(p. 49), but using an electrode with a large surface area instead of the 
ring, Franck and Hertz (1913) found that positive charges were 
produced ever at much lower definite potentials. They concluded 
tliat this was due to the existence of correspondingly low ionization 
potentials. Actually, however, van der Bijl (1916) was able to show 
that the positive charges were really due to a photo(dectric eifect at 
the large surface of the electrode, an effect which Lenard had avoided 
by the choice of a thin ring. It follows that in the experiments of 
Franck and Hertz light must have been produced in the gas at the 
})otentials which they observed. This was quib^ a m^.w })hen()menon, 
and one that clearly involved the transfer of energy to atoms from 
electrons at definite potentials, the energy being transformed into 
light. The potentials at which such transfers just begin (i.e. definite 
energy losses of the electrons without production of sec^ondary electrons) 
are called resonance or radiation potentials * In order to digtinguish 
b( tween ionization and resonance potential effects, it is necessary to 
modify Lenard’s apparatus slightly. This modification, wlii(*h is due 
to Davis and Gouciher (1917), is represented in fig. 34. In front of the 
(dectrode B, which is maintained at the negative retarding potential, 
is placed a grid C. This is kept at a small negative potential relative 
to B. Then if light emitted in the gas liberates photo-electrons from 
B, the field between B and C will drive them back again. Indeed, 
B will become negatively charged by the electrons liberated plioto- 
electrically from C. Not until ])ositive ions are produced in the gas 
t\Tll B become positivedy charged, owing to their being attracted through 
the grid. Fig. 35 shows the results of experiments with mercury va})our. 
Resonance potentials are seen to occur at 4*9 and 6*7 volts, while the 
production of positive ions at 1()’4 volts indicates an ionization poten¬ 
tial at this point. 

With an apparatus embodying the same principle very accurate 
measurements of resonanc'.e })otentials can be made, once the ionization 
potential has been determined with sufficient cei-tainty. It is merely 
necessary to use a different potential distribution, as shown in fig. 34 II. 
Here there is only a small potential difference between A and C, so 
that tJie electrons making collisions in this n'gion all have very nearly 
the same velocity. The quantity measured iiKdudes both the positive 
charge due to photo-electric liberation of electrons from the electrode 
and also the effect of the energy losses of the primary electrons. Fig. 36 
shows the results of (‘xperiments, again with mercury, from which 
a large number of resonance potentials can be detected. (Those re- 
sonance potentials whose existence would be uncertain, judging by 
this curve alone, are confirmed by other observations.) The existence 
of sharply defined energy steps in the transference of energy to atoms 

* Ionization and resonance potentials are often included together in the term 
critical or excitation potentials. 
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is extremely important in connexion with the more detailed theory 
of light emission. 

Elastic Collisions at Low Velocities. — Franck and Hertz also 
investigated the energy exchanges at still lower velocities. Their 
experiments upon electrons scattered back from a region containing 
an inert gas showed that most of these back-scattered electrons have 
a velocity equal to that of the incident electrons. From this we con¬ 
clude that back scattering in inert gases (as also in other gases, e.g. 



metal vapours) must consist of a large number of elastic collisions 
without appreciable loss of velocity (or energy). For the velocity loss 
on elastic collision see p. 89; the thermal motions of the molecules, 
which correspond to an electron-volt-velocity of a few hundredths of 
a volt, may be neglected. More detailed calculations based on the 
experimental data show that in helium electrons of very low velocity 
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may participate in many thousand encounters without a greater loss 
of velocity than that corresponding to elastic collisions. 

In other gases whose atoms or molecules readily pick up electrons 
(i.e. gases with so-called elec'tron affinity) considerable velocity losses 
are observed. Their more exact (explanation is not yet possible. 

Energy Transformations. — From about ^ 0*3 upwards the 

energy given up in the velocity losses of electrons passing through 
matter is transformed almost entirely into secondary rays. In 
addition to secondary electrons, electromagnetic radiations are pro¬ 
duced, i.e. “light” of the most widely differing wave-kmgths. We 
have to distinguish between two different processes. In the first place, 
the primary electron itself gives rise to an electromagnetic radiation on 
account of its retardation. So far this has only been proved for the 
higher electron velocities (>1000 volts), in whicdi case the radiation 
lies in the X-ray region. In consequence of the retardation of the 
electron an electromagmitic disturbance is set up, which is propagated 
with the velocity of light. According to the principles given in Vol. Ill, 
the electric field strength of the disturbance is proportional to the 
retardation of the electron, while its direction is that of the projection 
of the direction of motion of the electron upon a plane perpendicular 
to the direction of propagation of the light. The wave-lengths of these 
radiations can be determined experimentally by the usual methods. 
The way in which these radiations are produced leads us to expect 
a spectrum containing a whole range of wave-lengths (i.e. a continuous 
spectrum). In actual fact, experiments have shown that the spectrum 
comes to an end at a certain definite short-wave limit (Douane and 
Hunt, 1915). As will be explained on p. 59, the position of this limit 
bears a simple relationship to the primary electron velocity. The 
radiation here referred to is generally called the contimious X-ray 
spectrum or (by analogy with white light) “ white ” X-radiation.'^ 

In addition to the “ white ” radiation, electromagmitic waves are 
emitted which are characteristic of the particular atom with which the 
electrons collide. These radiations originate in energy changes within 
the atom, caused by the electron impact (p. 73). Their wave-length 
depends upon the energy of the electron. For slow electrons they lie 
in the visible region; for fast electrons, in the X-ray region. The 
particular wave-length depends upon the nature of the atom concerned. 
There is another way, however, in which the atom may lose the energy 
taken up from the electron: this energy may be transformed directly 
into thermal energy by gas-kinetic encounters (so-called collisions of 
the second kind, p. 160). 

The amount of cathode ray energy E,^ transformed into “ white ” 
radiation is given approximately at the higher velocities (measured 
from 0*05 to 0*5 of the velocity of light) by the formula E^= ZeU X10*®, 

* Ger. Bremsstrahlung, literally, deceleration radiation. 
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where Z is the atomic number (p. 5) of the target and IT the volt- 
velocity of the electrons. 

The behaviour of atoms as regards the emission of characteristic 
radiation will be dealt with later (visible region, p. 186; X-ray region, 
p. 291). 


D. The Interaction of Matter and Short-wave 
Electromagnetic Radiation 

11. Absorption and Scattering of X-rays 

As has already been stated in Vol. Ill and on p. 53 above, the 
incidence of rapidly moving electrons upon matter gives rise to X-rays. 
These are electromagnetic waves (Vol. Ill, })p. 347 and 646; Vol. IV, 
pp. 12, 165) of wave-length from 100 to 0*01 A, detectable by their 
effect upon a photographic jilate, by the flTiorescence which they pro¬ 
duce in certain materials, e.g. barium platinocyanide, and by the 
electrical conductivity which they induce in gases. 

As X-rays pass through matter (e.g. through air or metal foil) 
there is a diminution of intensity which can be demonstrated photo¬ 
graphically or by the reduced ionization. This diminution of intensity 
varies very much for X-rays of different wave-length, the shortc^r 
waves being as a rule much less affected than the longer waves. Hencci 
the effect provides a practical method for roughly determining the 
wave-length region. 

The diminution of intensity is accompanied by two main effects. 
As has already been mentioned, air through which X-rays pass be¬ 
comes condmtimj. In addition. X-rays can be detected beyond the 
limits of the direct beam, which may be defined by lead screens or the 
like (the so-called secondary radiation). These secondary X-rays arc 
particularly strong when a comparatively dense substance is placed 
in the path of the primary rays. 

Formation of Carriers or Ions.—When a beam of X-rays passes 
through a cloud-chamber, tracks of the kind shown in Vol. Ill, fig. 
54, p. 337 are obtained. The tracks, which proceed from individual 
atoms in the path of the beam, prove, by their curvature in a magnetic 
field and by the number of ions in comparison with their length, to be 
electron tracks. Thus the X-rays eject electrons from the atoms upon 
which they fall, sometimes (as measurements of the range show) with 
considerable velocity. Here we are dealing with a photo-electric effect 
(p. 133), a phenomenon which becomes especially marked in this short¬ 
wave region. 

The emission of these photo-electrons is found to be independent 
of the direction and state of polarization of the X-rays. Hence we 
must conclude that energy from the beam is taken up by the atom 
and there transformed into some kind of atomic energy which finally 
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leads to the emission of an electron. The details of this process 
will be discussed on p, 117. The observed conductivity of the air in 
the path of X-rays is to be regarded as due to the removal of electrons 
in the photo-electric elfect. 

Provided that care is taken to ensure well-defined conditions, the 
conductivity produced by a beam of X-rays may be used as a measure 
of intensity. The actual method is to allow the rays to enter a suitable 
cylindrical condenser (a so-called ionization chamber) along the axis. 
Between the electrodes of the chamber is applied a potential high 
enough to produce the saturation current, the strength of which is 
then measured with a galvanometer or an electrometer. 

The shorter the wave-length of the X-rays, the more marked be¬ 
comes another mode of ejection of electrons from atoms upon w’hich 
the rays fall. The electrons ejected in this effect, which is not indepen¬ 
dent of the direction and state of polarization of the rays, are generally 
refiirred to as recoil electrons. A more detailed treatment of the 
phenomenon is given on p. 235. 

Fig. 37 shows a cloud-track photograph of X-ra;ys of very short wave-length 
passing through hydrogdi. in which this elfect is exliibited particularly well. In 



37 >—Cloud-tracks of the photo*electrons and recoil electrons (the 
latter showing as short tracks in the direction of the beam) produced by 
a beam of short-wave X-rays in hydrogen (after Bothc). (Stereoscopic.) 


addition to the very irregularly distributed photo-electrons, which travel far 
beyond the path of the X-ray beam (actual width 0*6 mm.), a number of short 
electron tracks can be seen, nearly all running in the direction of the beam. These 
are tracks of recoil electrons, which are thus seen to be ejected predominantly in 
the direction of the X-rays. 

Secondary X«rays.—A substance (e.g. a piece of metal) placed in 
the path of a beam of X-rays itself becomes the source of X-rays, which 
are propagated in all directions and may be detected by means of a 
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photographic plate or an ionization chamber shielded from the primary 
rays by a thick sheet of lead. 

Absorption measurements or spectroscopic investigations (Vol. 
IV, p. 209) show that the secondary X-rays consist of two distinct 
constituents. The first is identical with the primary rays and is due 
to the scattering of these by the atoms of the substance, just as light 
is scattered in milk. This component is therefore referred to as scattered 
radiation. In tlie second ])lace, we obtain X-rays which vary with the 
individual character of the substance in question—so-called charac¬ 
teristic radiation. The production of this latter type of radiation is 
analogous to the fluorescence observed with orflinary light, i.e. the 
phenomenon in which a substance (e.g. uranium glass or a solution 
of the sodium salt of fluorescein) emits a characteristic light of definite 
spectral composition when illuminated with light of sulliciently sliort 
wave-length. The fluorescent light is nearly always of longer wave¬ 
length than the exciting light. So also for the characterist.ic X-radia¬ 
tion: its wave-length is longer than the shortest wave-length occurring 
in the primary X-rays. Hence it is sometimes referred to as 
fluorescence radiation. Its wave-length decreases regularly as the 
atomic number of the element increases (p. 75). It is characterized 
by great homogeneity, i.e. it consists of practically monochromatic 
X-rays or of a mixture of a few sharply defined wave-lengths. Fig. 4G, 
Plate XVI, Vol. IV (p. 210) gives an idea of the sharpness of the 
spectrum lines of these characteristic X-rays (in this case the fluo¬ 
rescence radiation from aluminium). Baukla, and later Sieoj}AHN, 
succeeded in proving the existence of several sharply defined groups 
of characteristic wave-lengths for each element. The group of shortest 
wave-length is called the K-radiation, the groups of longer wave¬ 
length the L-, M-, N-radiation, and so on. For further details see 
p. 73. 

Polarization of X-rays. —The passage of X-rays through matter 
is analogous to the passage of ordinary light through a turbid (and 
at the same time fluorescent) medium (the Tyndall effect, Vol. IV, 
p. 232). In the case of X-rays the turbidity arises from the atoms and 
molecules, whose dimensions (10~’ to 10“® cm.) are no longer small 
relative to the wave-length. Just as in the case of ordinary light, the 
scattered rays are polarized (p. 57). The proof of the existence 
•of this polarization by Barkla was of historic importance in con¬ 
nexion with the recognition of the transverse undulatory nature of 
X-rays. 

We shall begin by considering the optical experiment which is analogous to 
that of Barkla. From a source L (fig. 38) the light passes through a layer of a 
turbid medium K (e.g. a trough containing an emulsion of mastic). The scattered 
light is polarized in the plane determined by the primary beam and the direction 
of observation. Thus the layer K acts as a polarizer. A second layer K', which 
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is screened from the primary light, is irradiated by the light which has been 
scattered and polarized in this w*ay. The light scattered from this second layer 
show^s a maximum of intensity in the direction Z parallel to the original direc¬ 
tion LK. At right angles to this (i.e. in the figure at right angles to the plane of 
the paper) the intensity of the scattered light is a minimum. Thus the layer K' 
acts as an analyser (cf. Vol. IV, p. 232). The same experiment may be made 
with X-rays, in which ca.se L is replaced by an X-ray tube, K and K' by blocks 
of carbon or paraffin wax, and the eye by an ionization chamber (see fig. 39). 
CVirbon is chosen beciause the characteristic radiation of this element is absorbed 


by the air, leaving f)nly the scattered radiation to affect the chamber. The 
Cihamber is placed at or in a position at right angles to this either above or 
below the block K'. As in the case of ordinarv light, a maximum is 


found at and a minimum in 
the otlier position. 


K 



i'ig- 35 ^.-' Determination of the polari¬ 
zation of light scattered from a turbid 



medium. • -- electric vector normal to Fig. 39.~Proof that X-ra\s can be polarized (after 
plane of figure. Barklu). 


The above result may be understood more clearly by reference to 
fig. 39. The scattered radiation evidently arises from the oscillation 
of elfjctrie charges caused by the prim.iry beam. It must be borne in 
mind that the intensity of radiation is zero in the direction of oscil¬ 
lation (Vol. Ill, p. 624). In fig. 39 LK is the direction of the primary 
unpolarized beam, which we may regard as made up of two beams of 
equal intensity polarized at right angles to one another so that their 
electric vectors are in the directions y and 0 . In the interior of K the 
electrons are caused to oscillate in these directions and hence to emit 
the scattered radiation. If we observe in the direction y, we get no 
intensity from the electrons oscillating in this direction (in general 
from the ^ 7 -components), but the electrons oscillating in the 2 :-direction 
make a maximum contribution. The radiation in the direction KK' 
is thus polarized in the ic^-plane, i.e. its electric vector is at right angles 
to this plane in the z-direction. Now when this polarized radiation 
passes through K', it sets the electrons oscillating in the z-direction. 
Consequently the scattered radiation from K' has zero intensity in 
this direction and maximum intensity in the ^-direction (K'J^). The 
fact that the intensity is zero in the z-direction thus furnishes a proof 
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of the complete polarization accompanying scattering and hence of 
the transverse undulatory nature of the rays. 

Even the primary “ white ” nwiiation from an X-ray tube proves to be 
polarized. This is easy to understand, since the electrons which are bombarding 
the anti-cathode and being stopped by it, in spite of their deflections, possess 
an average main direction of motion, namely the direction of the incident beam 
of cathode rays. Hence the electric vector of the radiation has a greater magni¬ 
tude at right angles to this direction than along it. 

The fluorescence or characteristic radiation, whether excited by 
cathode rays or by primary X-rays, is (in general) not polarized. Only 
under special conditions involving strongly asymmetrical binding of 
the radiating atom can polarization be detected (J. Stark, 1930). 

Spectral Distribution of Primary Continuous X-rays. - In general 
the X-rays given by a generating tube consist of a continuous range 
of wave-lengths (like white light, hence the name “ white ” radiation). 



This is shown in fig. 40. If, however, the wave-length region in ques¬ 
tion happens to include the characteristic lines of the substance of the 
anti-cathode, these lines are superimposed upon the continuous spec¬ 
trum (see fig. 41). 

The “ white ” radiation is produced by the retardation of the 
electrons on passing into the anti-cathode. Fourier analysis of the 
retardation process leads to certain conclusions as to the distribution 
in the continuous spectrum, but actually a fundamentally different 
fact is observed; the continuous spectrum possesses a clearly defined 
short-wave limit, whose absolute position depends upon the maximum 
velocity of the electrons in question. 
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Measurements show that the relation between maximum electron 
velocity (i.e. maximum electron energy) and the frequency of the 
short-wave limit can be expressed by the equation (W. Wien, 1907) 

hv— cU X 10^, 

where h = 6*55 X 10“^’ erg. sec., v is the frequency in sec.^^, U is 
the electron volt-velocity, and e the electronic charge 1-59 X 10-i» 
coulomb. Since A — cjv, where c is the velocity of light (3 X 10^^^ 
cm. sec.~^), we may write 


A 


1231 () X 10-8 
--cm. 


1231 (> 

U 


A.U. 


Thus the short-wave limit of the continuous X-ray spectrum lies at 
1 A.U. (— 1()“8 cni.) for an electron velocity of 12,34(i volts. 

The quantities in the above equation can be so precisely measured 
that it furnishes a very good method for determining the quantity Ji 
(known as Planck's'^ const a nl) which, as we shall see later, is a universal 
constant of the greatest importance. 

Reversal of the Frequency-Energy Relation. — It has already 
been stated above that X-rays cause the ejection of photo-electrons 
from atoms. As may b(‘. sec^n from cloud-track })hotogra,phs, these 
j)hoto-electroiis ])oss(‘ss a (X)nsiderable \'e]ocity, which when mono¬ 
chromatic X-rays are used has a well-defined value. It has been found 
that this value is also governed by the above relatioiishij), i.e. we have 

hnv^ “ eU X 10" “ /iv, 

where v is the velocity in centimetres per second, and U the volt 
velocity. 

From this it follows that the fastest 'photo-electrons liberated by 
X-rays have the same velocity as the fastest electrons partlcipatiny in the 
production of the X-rays. 

Intensity of the “ White ” Radiation. — At constant electron 
velocity this intensity is proportional to the primary electron current. 
At constant electron current the intensity increases rapidly with the 
electron velocity (approximately according to a quadratic or cubic 
law). The spectral distribution of the continuous or “ white ’’ radia¬ 
tion is independent of the substance of the anti-cathode; but the 
intensity at any wave-length increases in proportion to the atomic 
number of the anti-cathode substance when other conditions are kept 
constant. 

Quantitative Relationships for Absorption and Scattering.—W hen 

a parallel beam of monochromatic X-rays passes through a layer of 

♦ Max Planck, born 1858 at Kiel, after 1889 Professor at Berlin University, 
was awarded a Nobel Prize in 1918. 
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matter of thickness rf, the incident intensity Iq is reduced to the 
value I = where e is the base of natural logarithms and fx is 

a constant whose value depends upon the absorbing material and the 
w^ave-length of the X-rays. This diminution of intensity is due to 
absorption (causing fluorescence radiation, photo-electric effect, &(;.) 
and to scattering.* Thus /x may be regarded as made up of two parts, 
fjL= T + o, where r is the absorption coefficient and a the scatterirg 
coefficient. It is usual to refer these coefficients to unit mass by divid¬ 
ing by the density p. Thus we have 

P P P 

As a rule what is actually measured is /x/p, the total mass absorp¬ 
tion coefficient. This is the diminution of intensity when a beam of 
X-rays of unit cross-section passes through unit mass of tJie material. 
It has been found that the mass absorption coefficifuit of an element 
is independent of its state of chemical combination, i.e. that the 
absorption is an atomic property. Hence use is often made of tlie 
so-called atomic absorption coefficient (/^/p) X (A/N), where A 

is the atomic weight in question and N is Avogadro's number. 



Fig. 42.—Diminution of intensity of X-rays in platinum (Z 78) as a 
function of the wave-length (after Compton) 


The magnitude of pjp varies very greatly with the tvave-length. 
Fig. 42 gives, as an example, the values for platinum. A very remark¬ 
able fact is that discontinuous variations of the absorption coefficient 
occur at the short-wave limit of the spectral region where K-, L- and 
M-emission (p. 56) take place. (For the explanation of this see p. 292.) 
These discontinuities of absorption are accordingly referred to as the 
K-edge, &c. As may be seen from fig. 42, the L-edgc consists of three 
steps called L I, LII, and L HI. 

The relationship of the atomic number is similar. Values for 

a wave-length of 1 A.U. are given in fig. 43. It is important to note 

* In addition there are energy losses due to collisions of the X-rays with electrons 
(the Compton effect). This is only of importance for rays of very short wave-length. 
For further details see p. 234. 
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that a smooth curve is only obtained if the elements are arranged in 
the order of their atomic numbers (and not of their atomic weights). 
This was shown in particular for the elements Fe, Co, Ni, Cu by 
Kichtmyer and Warburton in 
1923. 

Fig. 43 shows a sudden jump 
in the absorption at the elemcnit 
whose K-edge (or L I, LII, 

L III edge) becomes less than 

1 A.u. 

For the elements of lower 
atomic weight the limiting value 
of ajp is 0-2 (up to about Z — 30). 

For heavier elements alp rises to 
0*7. As can be seen from the 
nuiTKirical data for the ordinates 
of figs. 42 and 43 and by reference 
to the equation of p. 60, scattering becomes increasingly important 
at short wave-lengths, where it accounts for a considerable fraction 
of the energy involved. For the longer wave-lengths, however, the 
absorption of the rays by atoms with ejection of electrons plays the 
chief part. 

Within a continuous region of absor])tion increase the value of 
rjp is well represented by CZ^A^, where C is a ctnstant. Thus over 
such a region the absorption of a detiiiite element of atomic number 
Z is j)roportional to A^. and for a definite wave-length A th(‘ absorption 
is proportional to Z^. We see that elements of iiiglier atomic, number 
absorb X-rays of a given wave-length to a very much greater e.xtent 
than elements of lower atomic number (provided that the wave-l(‘.ngth 
in question is not near an absorption edge). 

Practical Applications of X-ray Absorption. — The medical and technical 
applications of X-rays for the examination of the interior of opaque substances 
depend upon the above fact. In these applications the rays an' made to pass 
through the material under investigation and the shadow produced is observed, 
either photographically or upon a fluorescent screen. As in all cases of shachjw 
formation, the sharpness of the shadows increases as the source is made more 
nearly equivalent to a point, i.e. the smaller and farther away it is. 

The greater the difterence between the absorption coefficients of the main 
substance and of the foreign body embedded in it, the greater is the contrast in 
the shadow image. Hence from what Ave ha\^e said above it is clear that the 
results depend chiefly upon the (diomical nature of the materials used; the 
greatest abscjrption (deepest shadow) is given by the elements of highest atomic 
number. This is wliy bones, wdiich contain calcium (Z — 20), give deeper shadows 
than ordinary tissue in medical X-ray photographs (see fig. 44). If it is deshed 
to obtain shadow photographs of organs which do not themselves absorb 
sufficiently strongly, they arc first filled with substances containing atoms of 
high atomic number (bismuth or barium). The absorption coefficient also 



Fii;. 43.—Diminution of intensity of X-rays 
of wave-length i A. in substances with different 
atomic numbers Z (after Compton). 
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increases with increasing wave-length. Hence in order to got conveniently short 
exposures it is necessary to choose sufficiently short wave-lengths. The range 

used in medical diagnostic work is about 
0-48 to 0*76 A.U. In the testing of 
metals for flaws the potential diflerence 
used in generating the X-rays must be 
chosen roughl}^ as follows: for aluminium 
(up to 10 cm. thick) about 100,000 volts; 
for iron and brass (6 cm. thick) 200,000 
to 230,000 volts. i\)r thicker pieces of 
metal the still shorter y-rays from radio¬ 
active preparations have occasionally 
been us(‘d. 

The spectral composition of a beam 
of X-rays may be modified by the intro¬ 
duction of an absorbing screen. As the 
absorption increases in proportion to X'b 
the filtered rays will contain a much 
smaller proportion of the longer wave¬ 
lengths, and will therefore as a whole bo 
rendered more nearly homogeneous, liy 
making suitable use of the marki'd dis¬ 
continuities in the absorption curves of 
the scjrecn substances, it is possible to 
filter out very narrow spectral regions 
without too great a reduction of intensity. 

The Number of Scattering Electrons. —We may imagine that when 
X-rays, which consist of electromagnotic waves, pass through matter, 
tlie electrons in the atoms are made to oscillate in step with the oscil¬ 
lating electric field, just as in the case of Jong electric waves. Kacli 
oscillating electron thus becomes the source of new waves of the same 
wave-length, which pass out from it in all directions. In other words, 
the incident rays are scattered. If a number of electrons are affected 
simultaneously by the incident wave, s])ecial considerations arise. 
Ill the case of long waves all the electrons oscillate coherently, i.e. in 
phase, within a region comparable with the wave-length. For visible 
light the electrons of any given molecule oscillate coherently, but not 
the electrons of different molecules. For the very short waves of X-rays 
the electrons within a single atom may be regarded as individuals, 
i.e, behave incoherently. Hence the intensities of the scattered waves 
sent out from them may be added together, whereas in the case of 
coherently oscillating electrons the field strengths must be added and 
interference phenomena arise. 

According to Maxwell’s classical theory, the energy radiated in 
unit time by an accelerated charge of e electrostatic unis is given by 



Here dvjdt is the acceleration of the electron, which is proportional to 



Fig. 4+.—Variation of absorption of X- 
rays with the atomic number (C'a and P in 
bones, as compared with C, H, and O in 
flesh). 
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the electric field strength E^- of the incident waves, i.e. rn dv/dt — — 
provided that the electron may be treated as if it is free and the forces 
binding it to the atom are negligible. 

With this proviso we obtain the following value Sg for the energy 
scattered in unit time by tlie electrons of the n atoms contained in 
a unit cube of the substance: 




2 (^/dvy 2 

3 / 3 ’ 


where Z is the number of electrons per atom. The energy of the 
incident rays per unit area and unit time is — cE,“/( 47 r). The ratio 
S^yS^- is the absorption coefficient of the substan(*-e in question, hence 

_S;; S7Te^n7j 


Putting the density p equal to nA /N, where A is the atomic weight and 
N is Avogadro’s number, we obtain 

a _ Stt^^NZ _ y Z 
The value of K comes out as 0*4. 

Now it has already been stated that ajp = 0*2 for the lighter 
elements (for which the neglect of the binding forces is more or less 
])ermissible, p. 61). Hence it follows that Z/A= ()-2/(>4-- i.e. the 
7i umber of scattering electrons in an atom is (for the light elenumts) about 
half the atoiuic weigM. 

This result, obtained by J. J. Thomson in 1906, had a very impor¬ 
tant bearing on subsequent theories of the structure of matter (p. 82). 


12. Scattering of X-rays by Centres occurring at 
Regular Intervals 

Crystals as Gratings. —WTien X-rays are scattered by centres 
arranged at regular intervals, interference phenomena similar to those 
observed with ordinary light and gratings may occur. It has already 
been mentioned in Vol. IV (p. 209) that X-rays give the same diffrac¬ 
tion effects as visible light when incident on a grating, provided that 
th(i angle of incidence is sufficiently large. An alternative method of 
obtaining interference effects with X-rays is to choose a grating with. 
a very much smaller constant, corresponding to the shorter wave¬ 
length of X-rays as compared with visible light. 

In this connexion Laue, in 1912, suggested an idea destined to be 
one of the most fruitful in modern science. He pointed out that suitable 
gratings lie ready to hand in crystals, in which the regular spacing of 
the constituent atoms is comparable with the wave-length of X-rays. 
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It had always been a cherished belief with mathematicians and 
mineralogists that the external symmetry of crystals was due to a 
regular internal arrangement of molecules. Once we knew how to 
calculate the number of molecules per unit mass (Vol. II, p. 53), it 
became possible to estimate their distance apart. We may consider 
a cube of copper of 1 cm. edge and imagine the atoms to be arranged 
at equal distances apart. Then we may divide up the cube into a large 
number of tiny cubes, each containing one atom. If N is the number 
of atoms in a gramme-atom, A the atomic weight, and p the density, 
the volume of a gramme-atom is A/p and the volume of each of our 
tiny cubes is A/(pN). The length a of the side of the tiny cube is 
a7A/(pN). Li the case of copper, for example, we have A ™ 63*57, 
N — 6*06 X 1023, p — g.q gni./cm.3. Hence we obtain a 2*3 X 10“3 
cm. Similar values are obtained for other substances, even if we con¬ 
sider other arrangements of the atoms, which of course are not always 
distributed regularly in cubes as assumed above. 

We see that the distance between the atoms in crystals is of the 



Fij?. 45. — Diffraction pattern 
seen when a distant monochromatic 
point-source is ^'icwed throuRh two 
linear |j:ratings superimposed at 
right angles. 



Fig. 4O.—Diagram of api>ar.itus 
used by Friedrich and Knipping. 
on Laue’s suggestion, to demonstrate 
the diff raction of X-rays. A =- a mi- 
cathode, B — slit, K — crystal, P — 
plate, S and S' — diffracted rays. 


same order of magnitude as the wave-length of X-rays as determined 
e.g. by diffraction experiments with slits. If then the atoms are really 
arranged as regularly as is suggested by the external regularity of the 
crystals, diffraction effects must occur when X-rays pass through 
crystals, just as diffraction effects are observed when light passes 
through linear gratings, that is, the ordinary ruled gratings, or 
two-dimensional gratings (e.g. if we look at a distant source of light 
through a fairly loosely w^oven cloth (fig. 45)). On this princi])le, but 
with a three-dimensional grating instead of a tw-o-dimensional, depends 
the apparatus used by Friedrich and Knipping (1912) at Laue's 
suggestion. A narrow beam of “ white ” X-rays, after passing through 
suitable apertures in lead screens B (fig. 46), falls upon the crystal K. 
Behind the crystal and not too far away from it is placed a photo¬ 
graphic plate P. Fig. 47 shows one of the first successful photographs, 
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which was obtained by passing the X-rays through a thin plate of zinc 
blende in the exact direction of the crystal axis. In the middle is the 
point of incidence of the primary beam, which is recorded as a heavily 



Fig. 47.—Laue pattern for X-rays passing through a ZnS crystal 
parallel to the axis 


blackened spot. Around this lie a number of much feebler spots dis¬ 
tributed with fourfold symmetry (ct/rresponding to the symmetry 
of the crystal axis). These spots, which lie on straight lines passing 
through the central point, correspond in 
part to the spectra of different orders, 
and their intensity falls off rapidly as 
the ordinal number increases. The dif¬ 
ferent groups of spots also correspond 
to different wave-lengths in the X-rays, 
as we shall now explain in greater detail. 

Calculation of the Interference Pattern 
given by a Three-dimensional Grating,— 

We shall confine ourselves to the case of 

parallel rays, as this suffices for an understanding of the underlying prin¬ 
ciples. We begin by considering the phenomena of diffraction by an 
ordinary linear grating in a somewhat more general way than we did in 
Vol. IV, p. 205. The points of fig. 48 represent the diffraction centres (e.g. 
the intersections of the spaces of the grating with the plane of the paper). 

(E957) 6 



Fig. 48.—Diffraction by a linear 
grating 
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The rays shown will reinforce one another in those directions for which 
the path difference of neighbouring rays is a whole wave-length or a 
whole number of wave-lengths. Let a and a be the angles of incidence 
and diffraction respectively (the angles with the normal) and b the 
spacing constant of the grating. Draw BN perpendicular to NA and 
AM perpendicular to MB (see fig. 48). Then the path difference between 
neighbouring rays after diffraction is clearly BM — NA — b sin a' — 6 sin a. 
Hence reinforcement and maximum intensity in the diffraction pattern 
will occur when 

6(sin a — sin a) = nX, 

where n is an integer. If, on the other hand, n=^ ^ or an odd 
multiple of interference will occur and a minimum of intensity 
will result. 

A two-dimensional array of points (double grating) may in the sim¬ 
plest case be regarded as a periodic repetition of the oiu'-dimensioiial 
grating in a plane (fig. 49). We now think of a beam incident upon 


N \ A 

x\\ 1 

h 








Fig. 


Square double 
■ating 


Fig. 50.—Diffraction spectra of white 
light produced by a double grating 


this two-dimensional array at an oblique angle to the plane of the 
figure. Behind this plane there will be points of reinforcement where 
the path differences from all the openings are integral multiple's of a 
wave-length. Hence if a and a are the angles of incidence and dif¬ 
fraction respectively, referred to the ic-axis of the grating, and j8 and 
j8' the corresponding angles referred to the ^-axis, the conditions for 
reinforcement are 

6(sina' — sin a) — n^A, 

6(s*n P' — sin ^) = n^X. 

The combination of these two equations gives a double array of spectra, 
as shown in fig. 50. If the light is monochromatic, so that there is 
only one value of A, the diffraction pattern consists of a number of 
points (see fig. 45). 

We now pass on to a three-dimensional array of scattering centres 
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(fig. 51), confining our attention to the simple cubic case where the 
spacing constant h is the same in all 
three directions. Here we have three 
conditions for difEraction maxima: 

6 (sina' — sin a) ^ tIjA, 

6 (sin p' — sin P) — 

6 (siiiy' — siny) ~ n^A. 

We may solve these equations for sin a', 
sinks', silly', and then square and add, 
remembering that 


and 


sin-a+ sm^^+ sin^y^^l 



Fig. 51.—Diflraction of X-rays 
by a space lattice 


sin^a' + sin^jS' + sin^y' = 1 . 

In this way we obtain the following result: 

1 1 + 2 (mi sin a + ?).2 sin ^ + m 3 sin y) -f- -j- 


whence 


^ ^ 2h(n^ sin a -|- ^^2 ^ 


1 - >V 


Since arc small integ('rs (the spectra of higher order being 

very feeble), we see that for an interference maximum to occur when 
the angle of incidence is given, the wave-length must have a perfectly 
definite value (or one of a few definite values). Thus the rays difiiracted 
by the space lattice for this given angle of incid(ince do not contain all 
the incident wave-lengths, but only certain definite wave-lengths. 
For a given angle of incidence the rays diffracted in a certain direction 
have a perfectly definite wave-length. If 2$ is the angle between the 
incident ray and the diffracted ray, th('n, by an elemimtary formula 
of Solid Geometry, 

cos 20 — sin a sin a' sin p sin -f- siny siny'. 


Hence, on squaring and adding the original equations we finally obtain 
sinO = + m^^ + n./. 

If the lattice spacing is different in different directions (a, 6 , c) in space 
and if the axes of the lattice are inclined to one another, the expression 
also involves the spacing constants a, 6 , c and the mutual inclinations 
of the axes. 
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We see that the different spots in the Lane photograph of fig. 47 
correspond to different wave-lengths. Hence in the Lane method it 
is necessary to use “ white ” X-rays (a continnons spectrum, contain¬ 
ing a range of wave-lengths). The interference effects at the lattice 
then select quite narrow wave-length regions for the building of the 
pattern, which thus depends on the structure of the crystal used. 

So-called Reflection of X-rays. — The above ph(‘noniena may bo 
regarded somewhat differently (as was done by W. H. Bragg and 
W. L. Bragg,* 1913). The space lattice may be looked upon as a suc¬ 
cession of planes, the planes in which the lattice points are situated 
(see fig. IG, Vol. I, p. 274). 

We now consider a parallel beam of monochromatic X-rays incident 
upon a succession of planes at the glamiiig 
angle a. Diffraction occurs at the scattering 
points lying in the planes. The maximum 
intensity from any single plane is in the 
direction corresponding to ordinary reflec¬ 
tion of the beam. Two successive planes 
are shown in fig. 52, the respective points 
of incidence of two rays being A„ and Aj. 
These two points are chosen so as to lie on 
the normal to the two planes, so that the 
distance AqA^ is equal to d, the spacing 
constant. Both the rays undergo the reflection just referred to, and 
if we assume that the refractive index is unity, the path lag of the 
second ray relative to the first after leaving the planes is 

BAj -f- AjC — 2AjC — 2AoAi sin a — 2d sin a. 

The rays reinforce one another when this path difference is an integral 
number of wave-lengths. Hence the reflection from the whole succession 
of planes must take place at certain perfectly definite angles. These 
angles for which an incident beam is regularly reflected with maximum 
intensity are given by the equation (the Bragg relation) 

2d, sin a = nX, 

where n is an integer. The greater the number of planes, the sharper 
are the maxima and the more nearly monochromatic are the rays 
reflected at a given angle, since the neighbouring wave-lengths cancel 
one another by interference. This is analogous to the case of an ordinary 

♦ Sir William H. Bragq (1862-1942) became Professor at Adelaide University 
in 1886, at Leeds in 1909, and in London in 1915; later Director of the Royal In¬ 
stitution, London. He was awarded the Nobel Prize (together with his son W. L. 
Bragg) in 1915 for work on X-rays and crystal structure, and was knighted in 1920. 

W. L. Bragg, born in 1890 at Adelaide, became Professor of Physics at Manchester 
University in 1919, Director of the N,P.L, in 1937, and Cavendish Professor at Cam¬ 
bridge in 1938. 



Fig. 52.—Reflection at lattice 
planes 




SCATTERING OF X-RAYS 


69 


linear grating, for which the sharpness of the spectral lines increases 
with the number of rulings. 

Thus when ‘‘ white ” radiation falls on a space lattice (or a regular 
succession of reflecting planes) at a given angle of incidence, only one 
wav(vlength (or rather, one set of wave-lengths, obtained by putting 
n : 1, 2, 3, . . . ill the above equation) is reflected. If the incident 
radiation is monochromatic, then reflection occurs only at one angle 
(or rather, one set of angles). 

Whereas in the optical case these phenomena are only realized in 
the experiment described in Vol. Ill, p. 643, the two Rracgs have 
shown that with X-rays the phenomena 
occur in every reflection at a crystal face, 
owing to the penetration of the X-rays into 
the interior of the substance in question. 

It can easily be shown that this reflection 
corulition is identical a\ ith the conditions obtained 
above in the discaission of diffraction, i.e. that 
the mean piano M between the incident ray and 
any possible diffracted ray (see fig. 53) must 
always bo a lattic*e plane (V’ol. I, p. 274). 

J^et (.) be the origin of a system of rectangular 
co-ordinates with its axes in the directions of the 



crystal axes of tlie cnibic crystal under considera- ..... 

1 1 i. XI • X J I X -X 1* Iog.53.— To illustrate the denvn- 

tioii, and let the points P and Q be at unit dis- tionoftheHragg condition from the 
tance from O. Then, if we use the notation of diflractioi at a space lattice, 
the previous pages, their co-ordinates are (sin a, 

sin fi, siny) and (sin a', sin fi', siny') respectively. Let any point R in the mean 
plane M have the co-ordinates (.r, z). Then since PR — Q,R. we have 


or 


(x — sin a)^ -{■ {y — sin (3)- -j- (- — siny)® 

= (x — sina'l® -f- {y — sin p')® + (^^ — siny')® 


a(sma' ~ sin a) -j- 2 /(sin p' — snip) -f 2 (siny' — siny) •— 0. 


Substituting the diffraction conditions 6(sina'— sina) = WiX, &c., we obtain 
7^■^x -f- 4- n-,r' ” 0. 

This equation expresses the fact that any plane parallel to M cuts off intercepts 
on the crystal axes inversely proportional to the integers Wj, respectively. 

But this means that M is a lattice plane. Suppose that p is the greatest 
common factor of Wj, so that = ph, &c. The numbers h are called 

the crystallographic indices (Miller indices) of the plane M, and are used in 
crystallography to determine this plane. Now the distance d between two 
successive lattice planes parallel to a plane with the indices hi, h>j,, h^ is 
given by 

1=1 vlTTV + V. 

where b is the spacing constant. Substitution of this in the final equation on 
p. 67 gives Bragg’s reflection relation. 
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The X-ray Spectrometer —The fact that the ‘‘ reflection ” angle 
depends on the wave-lengt.h can be used for the spectral analysis of 
X-rays. The beam, restricted in cross-section by passages through 
successive slits in lead screens, is allowed to fall on the crystal, whi(‘h 
is then rotated so as to vary the angle of incidence. The reflected beam 



Fig. 54.—Diagram to illustrate the 
rotating crystal method 


for any position of the crystal con¬ 
tains only those wave - lengths 
w'hich satisfy the Bragg relation. 
Hence as the crystal is rotated the 
differtMit wave-lengths are reflected 
at (lifEereiit angles and produce 
separate images on a suitably 
placed circdilar photographic film 
(sec fig. 54). As is the case with 
grating spectra of ordinary light, 
the lines of the different orders 


may overla]). Instead of the photograjfliic film an ionization chamber 
with a slit may be used. The crystal may then be kept at rest and 
the chamber rotated to successive positions so that th(^ different wave¬ 
lengths fall on its slit (ionization spectrometer). 

In order to determine the spectral com])osition of a beam of X-rays 
in this way, it is necessary to know the tyj)e of the crystal lattice and 
the lattice spacing. Conversely, if the wave-length of the X-rays is 
known, the angle of reflection may be used to determine the lattice 


spacing. 



Fig- 55 -—Rotating crystal record obtained with ionization chamber. 
L-series of tungsten (40 kilovolts) and a calcite crystal 


Fig. 55 shows a r(;cord obtained with an ionization chamber and 
self-registering electroscope (A. H. Compton). The continuous back¬ 
ground with its sharp limit on the short-wave side can be seen; also 
the fall of intensity towards longer wave-lengths, which is due mainly 
to absorption in the glass of the tube. Superimposed on these are the 
characteristic radiations of the tungsten anti-cathode: several lines of 
the L-series appear in tite figure. In order to get the lines of the K-series 
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(p. 73), which have much shorter wave-lengths, it is necessary (see the 
relation given on p. 59) to use a potential of at least 75 kilovolts to 
accelerate the electrons in the tube (fig. 40, p. 58). 



Fig. 56.—Portion of X-ray spectrum obtained by the rotation method. 
The L-scrics of ytterbium 

[From .Siegbahn, Spektroskopie der Rontmenstrahlen (J. Springer, Berlin).] 


Now that we know how to produce X-rays of great intensity by 
easily controllable means, the photographic method is used almost 
exclusively. The ionization chamber method is still Tised, however, 
for accurate measurements of intensity. 

Fig. 56 shows a port-ion of an X-ray spectrum 
obtained by the rotating crystal method. In 
practice a narrow beam, passing through slits in 
lead screens, is generally used; to obtain greater 
intensities, however, a divergent beam may also 
bo employed, but in this case the film must be in 
a quite definite position. This focussing condition 
is as follows. The film and the entrance slit must 
lie upon a circle whose centre is on the axis of 
rotation of the crystal (see fig. 57). If this is so, 
then even with a divergent beam rays of a definite , 57 —Focussing 

, (condition) in the rot uion 

wave-length only can strike any given point of the method, 
film. Thus when the crystal is in the position K 
(fig. 57), the ray shown as a continuous line is reflected to C; 
when the crystal comes to the position K', the ray (of the same 
wave-length) shown by a dotted line is reflected to the same point of 
the film. The Bragg condition is fulfilled in both cases; for all the 
angles subtended by the chord SC at the circumference of the smaller 
circle of the figure are equal, and the angle between MK and MK' is 
equal to that between the two rays in question. 
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The Bragg principle may be applied in other ways. Thus fig. 58 
Is a diagram of Seomann’s so-called knife-edge method. The slit is prac¬ 
tically on the crystal surface, so that only the portion of the crystal 
in the immediate neighbourhood of the knife-edge is effective. The 




Fig. 58.—Seemann’s knife-edge Fig. 50.—Reflection at internal planes 

method (Rutherford and Andrade) 


crystal may therefore be very small. In the case of very hard X-rays 
(i.e. very penetrating X-rays, or rays of very short wave-length) 
the beam may be allowed to pass directly through the crystal (fig. 59), 
use being made of the reflections at the internal lattice planes (repre¬ 
sented by the horizontal lines of the figure). 

These are the methods by which the wave-lengths of y-rays (p. 21) 
have been determined. 

Reflection at Different Crystal Faces. —In any crystal there are various sets 
of lattice planes with different spacings (see fig. 10, Vol, I, p. 274). Hence spectra 
of different appearance may be obtained with the same crystal and the same 
X-rays, according to the angles which the crystal surfaces make with the ( rystallo- 
graphic axes. For instance, a rock-salt crystal (which is usually bounded by 
cubic planes of its lattice) may be ground dowm to an octahedral or dodecah(}dra 1 
form. As we see at once from the figure just referred to, however, the density 
of lattice points on i)lanes separated by small distances is less than in planes 
w hich are farther apart, and the diffraction effects are accordingly less intense. 

The Debye-Scherrer Method. —Instead of rotating a single crystal, 
it is possible to use a large number of very small crystals arranged 
at random (the so-called powder method) The powder contains crystals 
pointing in all directions, so that there will always bo some crystal 
faces inclined so as to exhibit any given type of reflection. The powder 
is pressed into the form of a small rod about 1 mm . thick and 10 mm. 
long, and this is placed along the axis of a circular camera. A narrow 
beam from a system of slits is then allowed to fall upon it; reflections 
occur at all the faces for which the Bragg condition is satisfied. In 
order to make sure that all possible orientations of the crystals are 
represented, the powder may be rotated during the exposure. The 
rays corresponding to any given type of reflection form a cone whose 
axis is the line of incidence and whose angle is twice the angle between 
this axis and any reflected ray. 
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Fig. 60 is a reproduction of a powder photo- r 
graph obtained in this way. The lines are the | 
intersections of the cones with the cylindrical j 
film. This method is used with monochromatic ! 

X-rays to determine the crystal structure of j 

powders. j 

13. X-ray Spectra ' 

The above interference methods enable us to 
determine the crystal structure of solids if the 
wave-length of the X-rays used is known. This 
will be discussed in greater detail in Chapter VII 
(p. 404). Conversely, if the crystal structure is 
known, these methods serve to determine X-ray 
wave-lengths very accurately. If we apply the 
Bragg condition (p. 68), we have only to measure 
the angle at which reflection occurs. The distance 
d between successive lattice planes is known for 
many crystals (sec p. 407). The maximum rf-values 
for some commonly-used crystals are as follows: i 

Rock salt: d — 2-814 X 10 cm. 

Calcite: d— 3-029 X 10~® cm. 

Sugar: d — 10-572 X 10"® cm. 

Melissic acid has the very large value d = 73-5 X 
10 ~® cm. 

The longest wave-length theoretically measur¬ 
able with any given crystal is that for which the 
glancing angle is 90° (i.e. normal incidence). The 
Bragg condition then reduces to A = for the first 
order. Actually for practical reasons (insufficient 
intensity) glancing angles greater than 60° are 
not used, so that the longest wave-length which 
can be measured is in fact much shorter. For soft 
X-rays mechanically-ruled gratings are therefore 
used (see Vol. IV, p. 209). 

The spectroscopy of X-rays gives the follow¬ 
ing results. As has already been concluded from | 
direct absorption measurements (p. 60), each ele- ^ ^ 

ment emits characteristic X-rys lying in widely 6„'._po„d.»p.c 
separated regions referred to (in order of increas- trogram of a molybdenum 
ing wave-length) as K, L, M, N, &c. Each of SJfL “S: “e” 
these regions contains a number of characteristic Scherrer method). [See- 
lines, this number increasmg from K onwards, burg.] 
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In contrast to the great differences exhibited by optical spectra, the 
X-ray spectra of all the elements are very similar in structure, 
especially in the short-wave region. Thus K-spcctra chiefly consist 
of two lines, the strong Ka line and the weaker line of shorter wave¬ 
length K^. With high resolution each of these lines is foimd to be 
double or triple (the components being denoted by uj, ag, jSg, ^ 3 , 
(fee., in order of increasing wave-length). Some K-series are shown 





Fi'if. 61.—K-series 

(for elements between arsenic (Z = 33) 
and rhenium (Z — 47)). 


in fig. 61. The L-series (see fig. 62) are considerably more complicated. 
Here there are three main groups of lines, labelled a, )3, y as before. 
The M-series are still more complicated and display greater individual 
differences. 

In connexion wnth the origin of these spectra the following fact is 
of great importance. The wave-lengths of the emitted spectra are 
longer than those of the corresponding absorption edges. For the 
excitation of a given line, e.g. a Ka line of wave-length it is not 
sufllcient (as might be thought from the equation gi\en on p. 59) to 
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use the potential U = hvje. The continuous spectrum will have the 
short-wave limit A^, but the characteristic Ka line will not appear 
(see fig. 63). Not until the potential reaches such a value that the wave¬ 
length of the K absorption edge can be emitted, does the characteristic 
K-spectrum malce its appearance. Then all the K lines appear simul¬ 
taneously. The same is true for the L-serics and the other series (due 
account being taken of the fact that there are a number of absorption 
st(‘.ps (p. 60)). Thus in order to cause the emission of a series, the 
potential used must be at least that corresponding to the wave-length 
of the corresponding absorption edge. 
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Fig. 62.—L-series 


For the bearing of this fact on the theory of X-ray spectra see p. 293. 
Another important fact is that the different series, and also certain 
lines of a particular series, are only given by elements with atomic 
numbers above certain values. Thus, for example, the K„ line can be 
followed for the elements down to boron (Z — 5, A — 70 A. approx.), 
but the KjSi line appears first for sodium (7j^ 11) (cf. fig. 64, p. 77). 

Relations between the X-ray Spectra of the Different Elements.— 
The different spectra reproduced in figs. 61 and 62 arc all on tlie same 
scale. It is seen that there is a regular displacement of the lines towards 
the shorter wave-lengths as the atomic number of the element (given 
on the left in the figures) increases. This fundamental fact was first 
discovered by Moseley * in 1913. Fig. 64 is a diagrammatic arrange¬ 
ment of the spectra, which brings out the regularities very clearly. 
Moseley showed that corresponding lines (e.g. Ka lines) of the dif- 

♦ H. G. J. Moseley (1887-1915) worked at Manchester under Rutherford and 
later at Oxford; ho was killed at Gallipoli on 10th August, 1916. 
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ferent elements had frequencies which very nearly satisfy the equation 
(Z — b)\/'R, where v is the frequency, Z the atomic number, 
and R and b constants (b is approximately unity). Thus if we plot 
y'v or \/(v/'R) against Z, we obtain straight lines (fig. 65). The Moseley 
relationship holds particularly accurately for the K-series. The “ lines ” 
for the other series show deviations from the law, and th('-se deviations 
arc of great significance in the theory of atomic structure. This will be 
discussed more fully on p. 297. The investigations of Moseley are of 
fundamental importance from several points of view. In the first place 

they showed that a regular 
sequence of spectra is only 
obtained when the elemcuits 
are arranged in the order 
of atomic niDnber, and not 
in the order of atomic 
vv'eight. This provides 
strong support for the 
order of the elements in 
the periodic classific-ation, 
based on chemical j)roper- 
ties, &c., which also shows 
deviations from the order 
of atomic weight, e.g. in 
the cases of I—Te, A“K, 
Co — Ni. In addition to 
this, Moseley's ex])eri- 
meiits for the first time 
made it possible to predict 
the existence of elements 
as yet undiscovered. These 
predictions have since been 
verified in a number of 
cases, e.g. hafnium, rhe¬ 
nium, and masurium. The 
elements 61, 85, and 87 have 
not yet been discovered 
for certain. The Moseley relation furnishes an extremely important 
and very accurate method of detecting such new elements, since it is 
possible to calculate the positions of the X-ray lines of the unknown 
element easily and accurately from those of the neighbouring known 
elements. Extremely small quantities of material placed on the anti¬ 
cathode of an X-ray tube suffice for a determination of the charac¬ 
teristic X-ray frequencies, and so the presence of a new element may 
be detected even when it is present in such small quantities that direct 
chemical methods cannot be applied. The full significance of Moseley’s 



I'ig. 63,—Relation ot K-emission to the exciting 
potential (after Webster) 

[From Handbuch der Experimentalphysik, Vol. XXIV, 2 
<Akademische Verlagsgesellschaft, Leipzig).] 
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law (in particular the meaning of the numerical values of the constants), 
however, will not be apparent until later (p. 294). 

Absorption Spectra. — The spectral investigation of absorption 
presents no new features and may be carried out by the photographic 

or ionization methods already 
mentioned. One peculiarity 
of the photographic method 
is that the silver and bromine 
in the photographic emulsion 
give their own absorption, so 
that all photographs (p. 169) 
in which the continuous 
spectrum is sufficiently strong 
exhibit a discontinuity of ab- 
sorption (the absorption be¬ 
coming stronger on the short¬ 
wave side of the absory)tion 
edges). From the point of view of the energy involved, the beginning 
of increased absorption at an absorption edge is easily understandable 
(p. 135); for all the rays with wave-lengths lower than the absorption 
edge use up a certain amount of their energy in exciting the emission 
of the corresponding characteristic lines. This is illustrated in fig. GO. 



Fig. 66.—Relation between absorption and 
emission for an X-ray series 


E. The Passage of a-RAVs through Matter 

14. Absorption and Formation of Ions 

Besides electrons and electromagnetic waves (see above), we may 
also use corpuscular rays (e.g. canal rays) for investigating the struo 
turc of matter. Radioactive substances form an imjiortant source of 
such particles travelling at high speeds, namely, the a-rays (helium 
atoms with a double positive charge). As we have already stated on 
p. 17, the a-particles from any given radioactive change have a well- 
defined velocity, and their high power of penetration through matter 
makes them very suitable for investigations of structxiro. In what 
follows we shall confine ourselves to the results of experiments with 
a-particles. 

The Absorption of a-particles. —^As was mentioned on p. 17, 
a-particles lose their energy as they pass through matter and can 
only travel certain distances. It is a very remarkable fact that the 
number of a-particles penetrating through different thicknesses of a 
material medium remains practically constant up to a certain thick¬ 
ness (the so-called range), at which it then rapidly falls off to zero. 
This can be verified experimentally by counting the number of scin¬ 
tillations produced per minute on a screen by a beam of a-rays in air, 
the screen being placed successively at different distances from the 
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source and due account being taken of the change in the solid angle 
subtended by the screen at the source. Cloud-chamber photographs 
of a-ray tracks also show the very definite value of the range directly 
(see fig. 6, p. 19). 



Fig. 67.—Rtinge of a-particles of RaC' in air (curve N) and variation of velocity 
with distance (curve 1) 


The curve N of fig. 67 represents the percentage of a-partieles penetrating 
different thicknesses of air at 0° and 760 mm. pressure. The particles in question 



Fig. 68.—Variation of the range of a-particles 


[From Rutherford, Chadwick, and Ellis, Radiations from Radioactive Substances.} 

are from a RaC' source. The range is defined as the point at which the steep fall 
of the curve would cut the axis when produced. In the present case the range 
is 6-97 cm. The corresponding curves for the a-rays from other sources are ob¬ 
tained by simply displacing the zero of the axis of abscissae. Thus for particles 















80 


ELECTRICAL STRUCTURE OF MATTER 


with a range of 4 cm. the axis of ordinates must be erected at the point corre¬ 
sponding to 3 cm. in fig. 67. In actual fact all the particles are not affected in quite 
the same way in their passage through the large number (jf atoms in their range 
(for the a-particles from RaC' this number is about ten million), and so the ranges 
of individual particles vary slightly. This is shown in fig. 68 (magnified about 
times). 

The range of a-particles in air is reduced by placing a thin layer of 
some solid material in their path. This effect is expressed in terms of 
the corresponding distance in air at 0° C. and 760 mm. pressure, i.e. 
the thickness of air which has the same stopping ])Ower as the solid 
in question. For example, an aluminium foil 0*001 mm. thick is equiva¬ 
lent to 0*17 cm. of air. For the slow’er a-particles the air equivalent 
depends upon the initial velocity. Some numerical values are given in 
Table IX for a-rays with a range of G cm. (corresponding to an initial 

Table IX 


1 

Material 

Mg./cm.* equivalent 
to I cm. Air at is° C. 

I'hickness in mm. 

A1 

1-62 

O-OOG 

Cii 

2-26 

0-0025 

Ag 

2-86 

0-0021 

Pt 

4-4 

0-0020 

Au 

3*96 

0-0021 

Mica 

1-4 

0-005 


velocity of 1*84 X 10^ cm./sec.). As a-rays pass through matter the 
velocity v falls off with increasing distance. This has been jjroved by 
the deflection of the a-rays in a magnetic field and also by calorimetric 
measurement of the heating effect (JSLapitza, 1923). The curve marked 
V in fig. 67 shows the effect graphically. The so-called Geiger relation 

where R is the range and C is a constant, was thereby found to hold, 
at least for the higher velocities. This equation is often used to calcu¬ 
late initial velocities from measured ranges. Difficulties arise in ex¬ 
periments with slower a-particles, because they pick up additional 
charges. By means of magnetic deflection experiments Henderson 
(1922) showed that not all the a-particles remain as helium atoms 
with a double positive charge (He++) throughout the whole of their 
flight, but that a certain fraction become He+ and (at low velocities) 
neutral helium. The more detailed investigations of Rutherford 
have proved that (as in the case of canal rays) repeated changes 
of charge take place, and that these changes are more frequent the 
slower the particle is. 
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Ionization by a-rays. —Just as in the case of cathode rayi? (p. 36), 
electrons may be ejected from atoms through which an a-particle 
passes. Along the track of an a-particle a dense trail of ions is formed, 
and these enable the track to be seen and photographed in a cloud- 



Fig. 69.—Ionization by the a-particles from RaC'. Number of ion-pairs per mm, 
of path in air as a function of the distance travcll'"H 


chamber. The total number of carriers produced by an a-particle from 
RaC' over its whole range is 2*36 X 10^. The differential ionization 
(in the case of a-rays usually expressed in ion-pairs per millimetre) 
is plotted in fig. 69. 

Comparison with the data for electrons of the same velocity (see 
Table VIII, p. 47; to apply to 1 mm. the values must be divided by 
10 ) shows that the ion-density along the track of an a-particle is about 
8*9 times greater than that for a ^-particle of equal speed. This 
accounts for the relative distinctness of the tracks as seen in cloud- 
chamber photographs. It is noteworthy, however, that the calculated 
energy loss necessary to produce an ion-pair (e.g. for air) is about the 
same in both cases (approximately 30 volts per ion-pair (A. Becker, 
1926)). 

15. Scattering of a-rays 

Experiments on the Scattering of a-rays. —In passing through 
matter, a-particles are to some extent deflected from their straight 
paths, just as light is scattered in passing through a turbid medium. 
Owing to the relatively large mass and energy of the a-particles, 
however, the deflections are extremely small as compared with those 

(e 957) 7 
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of (Jectrons. This is seen clearly if we compare a-ray and electron 
cloud-tracks (see, e.g., fig. 21, p. 39, and fig. 68, p. 79). Even for 
relatively thick layers of matter the spreading of an initially narrow 
beam of a-rays amounts to only a few degrees. The phenomenon was 
discovered in 1906 by Rutherford, who allowed a beam of a-rays 
to fall upon a photographic plate after passing through a narrow slit. 
When the whole apparatus was evacuated, a sharp image of the slit 
was obtained. Admission of air or interposition of a thin foil on the 
same side of the slit as the photographic plate caused a broadening 
of the image, the intensity falling off gradually on either side. An 
extremely important observation was made by Geiger and Mars den 
in 1909, by using the scintillation method (p. Ki). This method has 
the advantage of permitting the observation of effects due to single 
a-particles, and so makes it possible to investigate atomic processes 
occurring so infrequently that they cannot be observed by the photo¬ 
graphic method. Geiger and Marsden found that a few of the 
a-particles incident upon a foil are so strongly dofiected that they are 
thrown back and pass out again on the same side of the foil. This 
effect, known as large-angle scattering, resembles the back-scattering 
of electrons. A quantitative investigation showed that the number 
of a-particles scattered through large angles increases up to a constant 
value as the foil thickness is increased and that it also increases very 
rapidly with the atomic weight of the material used. For platiniun 
the mean number of a-particles scattered through 90° is found to be 
1 in 8000. Now this proportion is far greater than one would expect 
from the results for scattering at small angles mentioned above (which 
were confirmed by Geiger using the scintillation method). These 
small-angle deflections are due to the extended fields of force of the 
atoms concerned, just as we saw was the case for electrons. The 
anomalously high proportion of large-angle scattering with a-particles 
indicates that some new process is taking place here, whereby certain 
of the a-particles have their directions suddenly turned through very 
large angles. In view of the great energy and mass of the a-particles, 
it is clear that extremely strong fields of force must come into play in 
large-angle scattering as compared with small-angle scattering. These 
considerations led Rutherford (1911) to put forward the theory that 
the positively charejed part of an atom is confined to a region (the so-called 
nucleus) which is very s?nall in c(ympari$on with the gas-hinetic size of 
the atom (about lO-*^ cm.), whereas the electrons of the atom are situated 
at distances from the nucleus cotnparabh with the size of the atom. Thus 
we have to imagine the atom as built up of a very small positivel}"- 
charged nucleus, surrounded by a system of negative electrons. This 
atomic model explains small-angle scattering of a-particles as due to 
deflections caused by the electrons at relatively large distances from 
the nucleus, while large-angle scattering is explained as due to the 
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deflections which occur when a-particles happen to pass very near the 
atomic nuclei. 

If we regard the sudden change of direction in large-angle scattering 
as due to Coulomb repulsive forces, then it follows either that the 
charges involved must be very great or that they must approach each 
other very closely. 

Now experiments on the scalbering of electrons and X-rays show 
that the number of elementary charges involved is at most of the 
order of magnitude of the atomic weight (pp. C3 and 92). Hence we 
deduce that these charges must be packed into a very small space in 
the nucleus; for only at very small distances can Coulomb forces of the 
requisite magnitude occur. This deduction can be tested in a quanti¬ 
tative manner (see below), and direct photographs of a-ray tracks show 
that individual ‘‘ collisions ’’ of a-particles "with atomic nuclei do 
actually take place. (See figs. 74, 75, 76, pp. 90, 91). As the large- 
angle scattering of a-particles is of such fundamental importance in 
the theory of atomic structure, we shall now discuss the quantitative 
deductions. 

Collision of a-particles with Nuclei, the Inverse Square Law of 
Force being assumed.- -Let 2c, m, and v be the charge, the mass, and 
the velocity of an a-particlo 
approaching a nucleus K (fig. 70) 
along the line QN. Let the 
charge of the nucleus be Zc, and 
let us assume that both nucleus 
and a-particle may be regarded 
as points. Since the large-angle 
deflection of the a-particle (i.e 
the “ collision ”) occurs at dis 
tances which are small relative 
to the radius of the atom as a 
whole (see below), the influence 
of the negative electrons sur¬ 
rounding the nucleus may be 
neglected. If the inverse square 
law of force is assumed, the 
path of the a-particle will be a hyperbola with the nucleus K as 
focus. Let the angle through which the direction of motion of the 
a-particle is turned be (f>. This is the angle between the asymptotes 
of the hyperbola (see figure). If ii is the velocity of the particle at the 
point P, TP the length of the perpendicular KN from K to the initial 
direction QN, and d the distance KP, then applying the theorem of 
equal areas (Vol. I, p. 51) to the hyperbola, wo have 



Fig. 70.—Deflection of an a-particle on colli.sion 
with an atomic nucleus 
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By the principle of the conservation of energy, 
\mu^ — \mv^ — 


the second term on the right-hand side being the potential energy at 
the point P. Hence, introducing the abbreviation h = 
we obtain 

From this equation it is clear that b is the least distance of possible 
approach for the initial velocity v. (This nearest a})proach is realized 
in the case of direct “ head-on collision when p = 0 and the particle 
is made to return along its owm path.) 

From the geometry of the hyperbola it follows further that OP is 
the real semi-axis and that 

d KO -[- OP = p cosec 6 p cot 6 ~ p cot 


Again, from the equation expressing the theorem of areas and the 
equation containing b above (eliminating we have 


Hence 
Now (f) 


and 


7T — 20; hence 


b== 2p cats. 


cot 




I'p 


d == + sin •></■) 

2 sin|^ 


Example .—If an a-partielc from RaC with the velocity v — 1-92 X 10^ cm. /sec. 
collides with a n nolens of charge 100 e, we obtain 6 L 3.7 ^ jq~i2 
therefore, is an upper limit for the radius of the nucleus, since the actual radius 
must be less than b. 


Ill the experimental investigation a beam of a-rays is allowed to 
fall normally upon a foil of thickness t, and the number of a-particles 
scattered through a definite angle (/> is observed. 

The mean free path of a particle (assumed to be a point) incident 
upon an assembly of spheres of radius R is 


(see Vol. II, p. 49), where n is the number of spheres per cubic centi¬ 
metre. Hence the number of collisions in passsing through a thickness 
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of t cm. will he z= rr^^nt. In the same way the number of nuclei 
passed at a distance p is z' = np^nt. The number passed at distances 
between p and {p + dp) is therefore dz' — 27Tpntdp, or, in terms of b 
and (/>, iTrntb^ cot|<^ c^os^Q^\<f)d<j>, This is the fraction of a-particles 
which suffer deflections between the angles and {<f) + d(f>). 

In the actual experiments a zinc sulphide screen, placed at a dis¬ 
tance r from the scattering foil, is observed through a microscope, and 
the number of scintillations over the constant area defined by the 
field of view is counted. The screen is placed in different positions 
corresponding to different angles If Q is the total number of particles 
and dz' the fraction scattered in the direction corresponding to values 
of p between p and {p -)- dp), the fraction observed per unit area of 
the screen will be 


__ Qdz^ 

^ sill ( f > d ^' 


Substitution of the value obtained above for dz' gives 


where 


cosec"*.]^ 


If the above discussion is correct, it follows that the number of scintil¬ 
lations must be (a) directly proportional to cosec^|(/»; (b) directly pro¬ 
portional to t (this applies only to thin foils, as otherwise multiple 
scattering occurs); (c) directly proportional to Z^; and (d) inversely 
proportional to v^. 

Experimental Results. —The scattering of a-j)articles was investi¬ 
gated in detail by Geiger (1911) and Geiger and Marsden (1913). 

(a) Fig. 71 shows the very simple apparatus for determining the 
variation with angle. This consists of a lower part C in which a tube T 
is rigidly mounted. Fixed to this tube is the holder containing the 
radioactive preparation K (a small tube containing radium emanation). 
The a-rays pass through an aperture D in the form of a narrow sharply- 
defined beam and fall upon the foil F, which is also rigidly attached 
to the tube. In the upper part of the apparatus there is a ground joint 
with a base plate A and a metal box B closed above by a glass plate P. 
At the side is the microscope M, with the phosphorescent screen S 
fixed rigidly to it at the correct distance from the objective. The base 
plate, together with the box and microscope, can be rotated in the 
ground joint so as to enable observations to be made for different 
ranges of angle. The whole is hermetically sealed and evacuated 
through the tube T, so as to avoid scattering due to the air. 

Gold and silver foils were investigated, the angle was varied be¬ 
tween 150° and 6°, and two different radioactive preparations were 
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used. The experiments showed that the number of scattered particles 
is proportional to cosec^\(f) (see above). 

(6) The apparatus used to investigate the variation of scattering 
with the thickness and the nature of the scattering substance is shown 



Fig. 71. — Geiger and MarsJen’s 
apparatus for measuring the scattering 
of a-particles. 

[From Handhuch der Physik, Vol. 
XXII (Springer, Berlin).] 



Fig. 72.—Cieigerand Mars 
den's apparatus for measur¬ 
ing the crtect of the thickness 
of the foil. 

[From Handbuch der Phy¬ 
sik, Vol. XXII (Springer, 
Berlin).] 


in fig. 72. The round brass box A is closed on both sides by glass plates. 
The a-rays from the radioactive substance (Ra(^) in R enter through 
a thin mica window E. The foils of various thicknesses and substances 
are carried by the round disc 8, which can be rotated by means of the 
ground joint M so as to bring them suc(;essively into the path of the 
beam passing through D. The fixed phosphorescent screen is shown 
at Z. It is observed from outside by the microscope. 

Actual counting experiments showed that for thin foils the number 
of scattered particles is proportional to the thickness (see above). 

(c) Comparison of the scattering produced by diilerent metals 
(e.g. All, Pt, Sn, Ag, Cu, Al) gave the result that, when reduced to 
equal numbers of atoms per unit volume, the scattering is approxmiately 
proportional to the square of the atonm weight. This indicates that the 
nuclear charge Z is approximately proportional to the atomic weight. 

[d) In order to investigate the variation of the scattering with the 
velocity of the particles, different thicknesses of mica were interposed 
between R and E so as to produce different reductions of velocity. 
The experiments showed that the number of particles scattered through 
a given large angle is inversely proportional to the fourth power of the 
velocity. 

Thus detailed experimental investigation proves not only that 
(as can be seen directly from cloud-track photographs) the scattering 
is due to single encounters, but also that Coulomb’s inverse square 
law of force holds good down to distances of the order of 10“^^ cm., 
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and that the positive charges of the nucleus must be packed into a 
region with a radius even less than this. 

16. The Nuclear Charge and the Nuclear Field 

Experimental Determination of the Nuclear Charge.— Moseley’s 
investigations (p. 75) show that the atomic numbers, and not the atomic 
weights, determine the electrical behaviour of atoms. The results given 
above for a-ray scattering provide a basis for the determination of 
nuclear charges by the absolute measurement of the number of incident 
a-particles and the number scattered under definite conditions. Such 
determinations were carried out by Chadwuck in 1920, using the scintil¬ 
lation method. lie obtained the following values: Pt, 77*4; Ag, 40*3; 
Cu, 29*3. Now the corn^sponding atomic numbers are 78, 47, and 29. 
This is direct quantitative proof of the following important result: 

The atomic number is equal to the net positive charge of the nucleus 
expressed in elementary units and hence is equal to the number of electrons 
surrounding the nucleus. 

Scattering of a-particles by Light Elements. —The distribution of 
the numbers of a-particles scattered at different angles forms a very 
sensitive criterion of the validity of the inverse square law assumed 
in the above discussion. Chadwick and Rutherfoed and also Rose 
made experiments with a-particles of different speeds and found that 
over the range investigated the inverse square law holds within an 
a(*(niracy of a few per cent. This is true for platinum and gold at dis¬ 
tances from 3*2 X 10“^^ up to 1*7 X 10"^*^ cm. from the nucleus, for 
silver down to 2 X cm. and for copper dowm to 1*2 X 10“^*^ cm. 

From this it follows that the actual nuclei of the elements must be 
very m uch smaller still; for they doubtless (*.ontain a complex assemblage 
of })ositive and negative charges (p. 105), so that the very close ap¬ 
proach of a charged particle might be expected to produce polarization 
effects and consequent deviations from the inverse square law. Such 
deviations have actually been observed in the case of the lighter 
elements. The nuclear charges being here smaller, the repulsive forces 
are also smaller, and a-particles of sufficient velocity are able to 
approach correspondingly nearer to the nuclei—in some instances 
even penetrating right into them. Where penetration occurs, energy 
may be given up to the interior of the nucleus and the collision is 
then inelastic (p. 90). Moreover, in the mathematical treatment of 
the collision of an a-particle with a light nucleus, it is no longer per¬ 
missible to make the simplifying assumption that the nucleus remains 
at rest. The recoil of the nucleus, which becomes appreciable as the 
atomic weight decreases (for aluminium it amounts to 4 per cent), 
can easily be taken into account in the calculation. 

Deviations from the inverse square law were observed for alu¬ 
minium and magnesium by Bieler (1924) and by Rutherford and 
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Chadwick (1925). Since, however, the impact of fast a-particles upon 
the nuclei of these elements may produce other (though probably 
rarely-occurring) phenomena which affect the scattering (p. 105), 
there is some uncertainty about the meaning of these results. There 
is no doubt, however, that the scattering s less than that which would 
be expected on the basis of the inverse squarv? law, and the limiting 
distance of approach at which the law is still valid is probably about 
L2 X 10“^^ cm.; it certainly does not hold for distances less than 
about 8 X 10"^^ cm. 

The circumstances are clearer for collisions with helium and hydro¬ 
gen nuclei. Since the mass of the hydrogen nucleus is only a quarter 
that of the a-particle, the velocity imparted to the former by a “ head- 
on ” collision is greater than that of the a-particle - actually 8/5 
of the latt(^r (see below). This means, for example, that an a-particle 
from RaC' must impart to the hydrogen nucleus which it strikes a 
velocity sufficiently great to give it a range of 30 cm. in air or 120 cm. 
in hydrogen. Such long-range H-particles were first observed by 
Marsden in 1914 and investigated in detail by Rutherford in 1919. 
The measured range was over 100 cm. in hydrogen and 28 cm. in air. 
That the particles really were hydrogen nuclei was proved by electric 
and magnetic determination of e/m, and also (1925) by Stetter, who 
used a mass spectrograph (p. 99). 

Counts of the H-]:)articles showed that when very swift a-particles 
were used their number was very much greater than that ex})ected on 
the basis of the law of inverse squares (up to 100 times as gn.^at), but 
that the agreement improved as the velocity of the a-parti(*les was 
decreased, i.e. as their distance of nearest approach to the nuclei 
was increased. The experimentally-observed angular distribution of 
deviations (Chadwick and T3ieler, 1921) leads to the following 
result. For direct head-on collisions the inverse square law holds 
down to a distance of about 4 X cm.; for oblique collisions 

down to about 8 x 10“^^ cm. From this it has been conc luded 
that the a-particle must be disc-shaped, at least in the strong field 
during the collision. 

The investigations of scattering by helium nuclei (Rutherford 
and Chadwick, 1927) gave essentially similar results. Here too there 
are strong indications that the field distribution deviates (at least 
during collision) from the spherically-symmetrical. P’or head-on 
collisions the inverse square law is found to hold down to about 
3*5 X cm.; for oblique collisions only down to 1-4 X 10”^^ cm. 

Laws of the Conservation of Energy and Momentum during Col¬ 
lision. —These laws must necessarily be true for the kinetic energies 
and momenta of particles before and after an elastic collision, quite 
independently of the particular law of force. Deviations may 
well occur, however, if energy is taken up by either particle and 
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stored within it as internal energy; such deviations indicate that 


energy transformations are taking 

Using the symbols shown in 
fig. 73, in the case of elastic col¬ 
lision we have the following equa¬ 
tions: 

(1) For the momenta in and 
at right angles to the direction of 
collision: 

MV — cos (f) -f- wv' cos 6, 

0 My sin — niv' sin 9. 


place. 



(2) For the energies: 
Hence 


MV^ — My2 
I 

J\I -|- Hi 


j M /) . / w sin 20 

V = 2v , COS0; tan^ = 


M — 'in cos 20’ 


V = 


tan 0 ~ 


V __ 

[M cos^ + \/m^ — M- sin^c^; 
M -f m ^ ^ 

in vot<j) + in^ 

M -f “ 


For direct head-on collision (<^ = 0 — 0) the velocity imparted to the 
struck nucleus by an a-particle of original velocity V is therefore 
!•() V for H, V for He, iV for C, and 0*4 V for 0. In actual practice 
the v(‘locities after collision can be calciJated from the observed ranges 
in the easels of He and H (e.g. for a-partiek^s by the Geiger relationship, 
p. 80). For other atoms, however, this is not directly possible, be¬ 
cause we do not know how many extra-nuclear electrons the atom 
loses at these velocities. The a-particles scattered through different 
angles <f> have different ranges, since v depends upon (f). 

The experimental results of measurements with different substances 
are in good agreement with the formulae given above. This is evidence 
for the assumption that laws of conservation of energy and momentum 
hold in these collisions. 

Stereoscopic cloud-track photographs offer particularly clear evi¬ 
dence on this point. The angles concerned can be computed directly 
from the photographs, which also show the ranges. Fig. 74 shows a 
pair of stereoscopic photographs in which a collision of an a-particle 
with a hydrogen nucleus is visible. In fig. 75 the collision is between 
an a-particle and a helium nucleus, the angle between the tracks after 
the collision being a right angle and the lengths of the tracks equal. 
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Fig. 76 shows the collision of an a-particle with an oxygen nucleus, 
which here gives rise to the shorter limb of the fork. When the neces¬ 
sary measurements are made, these examples are found to agree with 



Fig. 74.—Collision of an a-particle with a hydrogen nucleus 
(stereoscopic cloud-chamber photograph) 


[From Rutherford, Chadwick, and Ellis, Radiations rom 
Radioactive Substances.] 



75 ‘—Collision of an a-particle with a helium nucleus 

[From Rutherford, Chadwick, and Ellis, Radiations from 
Radioactive Substances,] 


predictions based on the laws of conservation of energy and momentum. 

In some cases, however, the observed kinetic energies are not in 
agreement with these laws (Auger and Perrin, 1922). This indicates 
that in certain circumstances energy may be imparted to the struck 
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Fig. 76.—Collision of an a-particlc with jn oxygen nucleus 

[From Rutherford, Chadwick, and Ellis, Radiations from 
Radioactive Substances,] 


nucleus and stored within it as internal energy. (See further p. 87.) 
In some cases this energy may be given up again by the nucleus in 
the form of electromagnetic radiation (y-rays). 

F. Atomic Structure 

17. Summary of the Experimental Results 

At this point it will be useful to give a sunmiary of the conclusions 
as to atomic structure which can be drawn from th(i facts hitherto 
described. 

Charge Distribution.—Every atom consists of an assemblage of 
positive and negative charges, the distribution being such that the 
positive charges (and with them the material mass of the atom) are 
concentrated at the centre. The effective diameter of this positive 
region, the so-called nucleus, has been found to be 10~^^ to 10“^^ cm. 
The nucleus is surrounded by a number of negative electrons sufliL’icnt 
to make the whole atom electrically neutral. The maximum distance 
of these extra-nuclear electrons from the nucleus is about 10'^ cm. 
in the normal state of the atom. Their fields may be effective at much 
greater distances, as is shown by investigations of the diffusion of slow 
electrons (p. 44). Table X gives a list of effective atomic radii, i.c. 
the distances at which the forces become so strong as to prevent the 
closer approach of other atoms in collisions at velocities of the order 
of those of the thermal motion at room temperature. Such values 
can be derived from various considerations (gas-kinetic radii, Vol. II, 
p. 50). An upper limit is also obtained from the specific volumes of 
solids or liquids. Since the theory of melting makes it probable that 
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Table X.—Diameters of Certain Atoms in Angstrom Units 




(iA.= 

10 ® cm.) 



c 

1-40 

Si 2-()C 

Ca 3-47 

Ag 

2r>7 

Na 

3-23 

A 3-51 

Fe 2-30 

All 

2-58 

A1 

2*59 

K 3-82 

Cu 2-27 

Pb 

312 


at the melting-point the distance between the atoms of a solid is only 
about 10 per cent greater than the atomic diameter, the atomic volume 
{i.e. the volume of a gramme-atom, which contains the same number of 
atoms in all cases) forms a good measm‘e of the relative size of atoms. 
The dilferent possible arrangements of the atoms or molecules in a 
lattice are of secondary importance here. A graphical representation 
of the atomic diameters of the elements as a function of the atomic 
numbers has already been given in fig. 1 (p. 7). A discussion of this 
curve follows on p. 299. 

Non-Periodic and Periodic Properties.— Lenard (p. 33) was the 

first to show by a study of the absorption of cathode rays that the 
electromagnetic fields of atoms increase in intensity in rough {)ropor¬ 
tion to the atomic weight. In this respect, therefore, there is no parallel 
to the manifold individual differences exhibited by the diflferent 
elements in their other properties. It has further been shown above 
that if the elements are arranged in the order of increasing atomic 
weight, there is (in all but a few exceptional cases) a regular increase 
of the nuclear charge by one elementary unit (e-- T59 X 10" ^^ cou¬ 
lombs) and a corresponding increase of one in the number of extra- 
nuclear electrons as we pass from any element to the next in the series. 
Thus every element has its own atomic number Z, equal to the number 
of elementary units in the net nuclear charge and also to the number 
of electrons surrounding the nucleus in the neutral atom. Moseley’s 
results (p. 76) show that arrangement of the elements in the order of 
increasing atomic di.imc'ters corresponds to the chfiracter of their X-ray 
spectra (p. 75), while the same order is found to underlie the phenomena 
of the absorption of X-rays (p. 60). 

The identity of this order with the order of increasing nuclear 
charge is most clearly seen from the experiments of Chadwick (p. 87), 
in conjunction with the result obtained from X-ray scattering that in 
light elements the number of electrons per atom is equal to half the 
atomic weight (p. 63). 

In fig. 77 atomic weights are shoM-m plotted against atomic numbers (the 
dotted curve). The curve starts for lovr atomic numbers as a straight line inclined 
to the horizontal at an angle which indicates that each increase of the nuclear 
charge by one unit is accompanied by an increase of the atomic weight by two. 
As we pass to the higher atomic numbers (heavier atoms), however, the curve 
deviates from the straight line, the increase of atomic weight becoming more 
rapid. We have seen (p. 26) from the existence of isotopes (elements of the same 
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atomic number but different atomic weight) and isobares (elements of the same 
atomic weight but different atomic number) in radioactive changes, that the 
atomic weight is not the quantity that determines the chemical properties. This 
quantity is in fact the atomic number (see the displacement law of Fajans and 



Fig. 77.—Atomic weight plotted against atomic number 


SoDDY (p. 2G)). Another important fact is the great difference between the 
chemical properties of a neutral atom and those of the corresponding ion. 'I'his 
shows tliat it is not the mass of the nucleus, but the number of extra-nuclear 
electrons, that determines chemical behaviour. 

From the fact that the atomic weights arc not the same as the 
atomic numbers it follows that atomic nuclei must contain other 
particles in addition to elementary positive particles (protons). Each 
proton has imit mass; but for He (atomic number 2) the atomic weight 
has already risen to 4 units. Hence in addition to two protons the 
helium nucleus must contain particles equivalent to two neutral 
hydrogen atoms. Of course these extra particles must be present in 
some form entirely different from ordinary hydrogen atoms; for the 
diameter of the region they occupy in the helium nucleus is at least 
100,000 times smaller. 

The question now arises, how arc the positive and neutral particles 
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arranged within the nucleus, and to what conditions are they subject? 
These questions will be dealt wdth in the next chapter. 

In contrast to the approximately linear dependence of certain 
properties upon the atomic number mentioned above, we have the 
well-known wide variation of the elements in many other physical 
properties and especially in chemical behaviour. Since the pioneer work 
of Mendeleefp (1869) and Lothar Meyer (1864) the periodic variation 
of chemical and certain other properties with atomic weight (more 
accurately, with atomic number) has become increasingly apparent. 
This is expressed in the periodic table of the elements (Table I, p. 4). 
Elements with similar properties occur at regular intervals when the 
elements are arranged in order of increasing atomic number. 

Thus, e.g., the elements with the atomic numbers 10 (~2 + 8), 
18 (-=2+ 8+ 8), 36 (:-2+ 8 + 8 + 18), 54 (=-2+8+8 + 18+ 18), 
and 86 (=- 2 + 8 + 8 + 18 + 18 + 32) are all inert gases. Similarly, 
the elements with atomic numbers one higher than the inert gases 
(3, 11, 19, 37, 55) belong to the so-called group of th(i alkali metals, 
wdiich chemically are very closely related and have a strongly elec^tro- 
positive character (i.e. a strong tendency to lose an electron). Again, 
the elements with atomic numbers one lower than the inert gases are 
all closely related chemically and have a strongly electronegative 
character (i.e. a strong tendency to take up an electron). Thus we 
have a very striking and regular periodicity based upon 1)he numbers 
2, 8, 18, 32. These numbers can be written in the form 2 X i^, 2 X 2^, 
2 X 32 , and 2 X 4*-^. The significance of this will become clear in a lat('.r 
section (p. 333), w+en the theoretical basis of the periodic table is 
discussed in greater detail. 

A large number of properties other than chemical properties exhibit 
the same periodicity, a fact which shows that they depend upon the 
extra-nuclear electronic configuration. The periodic variations in 
atomic volume, i.e. in the distances between atoms as determined by 
their fields of force, are represented graphically in fig. 1, p. 7. M(4ting- 
points, which are closely connected with atomic volumes, show the 
same sort of periodicity (see fig. 2, p. 8), and similar variations are 
also found in coefficients of thermal expansion and in compressibilities. 
Further examples of the periodicity of atomic properties will be met 
with later. Particular importance attaches to the periodic variations 
in the optical spectra, which are quite analogous to the variations in 
chemical behaviour. The study of these spectral periodicities has sup¬ 
plied a quantitative answer (see p. 336) to one of the most important 
questions in connexion with atomic stnicture: what is the relationship 
between the observed periodic variations of properties and the arrange¬ 
ment of the electrons around the nucleus? Obviously the periodicities 
indicate that the electronic arrangement must be in some way periodic. 
A detailed theory was first put forward by Bohr (see p. 343). 
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The Nucleus 

1. Isotopy 

Nuclear Mass. —The evidence discussed in Chapter I leads to the 
conclusion that the positively-charged part of an atom, which carries 
nearly the whole of the mass, is concentrated into a small region, the 
so-called nucleus, with a diameter of about 10“^- cm. The magnitude 
of the nuclear charge determines the chemical character of the atom: 
every chemical element has its characteristic nuclear charge (p. 87), 
which when expressed in elementary units is numerically equal to the 
atomic number. Does the nuclear mass similarly have a characteristic 
value for each (‘lenient? The consideration of radioactive substances 
(p. i5) has shown that this is not the c;ase. DifEerent radioactive dis¬ 
integration series give rise to products which are (*homically identical 
but have different nuclear masses. We have alroadv learned (p. 26) 
that these chemically inseparable types of atoms are called isotopes. 
Thus the atomic weights of samples of lead from different sources in 
which it is associated with radioactive elements may vary by several 
units.* 

The discovery of isotopy in connexion with radioactivity raised 
the question whether the ordinary elements consist of mixtures of 
isotopes. 

It had long before been noted that a large number of elements (namely those 
with low atomic numbers) have atomic weights which arc nearly whole numbers 
when referred to oxygen as 16*0(X). As was pointed out as cjarly as 1815 by the 
English physician Prout, this would seem to indicate that the masses of all atoms 
are integral multiples of the mass of a hydrogen atom, which is (approximately) 
unity. The atomic w eights of certain elements (notably (chlorine), however, differ 
quite definitely from w hole numbers, and consequently Prout’s hypothesis soon 
lost favour. The discovery of isotopy opened up the possibility that such elements 
might consist of mixtures of isotopes, each of integral atomic w eight, the average 
atomic weight having an intermediate non-integral value. Thus, for example, 
if ordinary chlorine w^re a mixture of two isotopes of atomic weight 35 and 37 
in the proportion 3 :1, the observed average atomic w’cight would be 35-5 (the 
actual value found). 

♦ On the other hand, the atomic weight of lead (or any other element) derived 
from sources containing no radioactive elements is always the same, whether it is obtained 
from volcanic material, sedimentary rocks, or oven meteorites, 

P5 
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J. J. Thomson * was the first to prove (1912), by the method 
described below, that neon consists of a mixture of two isotopes of 
atomic weight 20 and 22. This was the first non-radioactive element 
shown to be a mixture of isotopes. 

Amongst the radioactive elements we encounter various isotopes 
either by themselves or in a variety of proportions. In order, however, 
to obtain the individual isotopes of ordinary stable elements, or at 
least to obtain mixtures containing new proportions of the isotopes, 
it is necessary to subject the natural mixture to some treatm(»nt in 
which the difference in the masses of the isotopes plays a part. Three 
methods have proved specially successful: diffusion through jjoroiis 
partitions (Vol. II, p. 63), evaporation at low temperatures, and 
evaporation at very low pressures (so-called ideal distillation). 

Two fractions of different densities have been obtained from ne^ori (Aston) 
and H(^l (Hakkins) by the first of these methods, from neon (Keesom and Van 
Dijk) by the second method and from mercury and HCl (Hroensted and Hevesy) 
by the third. I'he mean atomic weights of the two mercury fractions, for exaiiiple, 
were respectively 200*63 and 200*56 as compared with 200*6] for ordinary mercury. 
Harkins has recently obtained fractions with atomic weights 200*71 and 200*52. 
In 1932 G. Hertz greatly improved the diffusion method by applying the counter- 
current principle. In this w ay he succeeded in obtaining neon 20 containing only 
1 per cent of No 22. 

The relative mass difference is particularly great in the case* of the isotopes of 
hydrogen, one of which has mass 1 (ordinary hydrogen) and the other mass 2 
(so-cailed diplogm or deuterium). The proportion of the heavy isotope in the 
naturally-occurring mixture is about 1 part in 4000. Water containing a high 
proportion of the heavy isotope (so-called “ heavy water ”) can be obtained 
relatively easily by electrolysis (Washburn). The lighter isotope (^scapes more 
readily than tin? heavier, w hich is thus concentrated in the residual liquid. “ H(vivy 
water ” has a higher density than ordinary water. It also has a higher boiling- 
point, so that the heavier isotope can also be concentrated by distillation. 

By the above methods it is possible to concentrate different isotopes, but 
never to achieve absolutely complete separation. In this respect the method 
described in the next section is a more powerful one. 

2. Detection of Isotopes 

J. J. Thomson’s Parabola Method. —Consider a beam of canal raj^s 
(positive rays) passing through a region containing an electric field 
with the lines of force at right angles to the beam and at the same 
time a magnetic field with its lines of force in the same direction as those 
of the electric field and in the same or the opposite sense. The positive 
particles will then be deflected in such a way that the trace produced 

* Sir J. J. Thomson (1856-1940) became Lecturer in Physics at Trinity College, 
Cambridge, in 1883; then from 1884 to 1918 held the position of Cavendish"ProfesS^r 
of Physics at Cambridge, and also that of Professor of Physics at the Royal Institution 
London. He was knighted in 1908, and in 1918 became Master of Trinity College^ 
Cambridge. At Cambridge he carried out fundamental researches on the conduction 
of electricity through gases, the charge and mass of the electron, positive ray analysis, 
&c. 
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on a plate normal to the beam is a parabola (for proof, see below). 
This is illustrated in fig. 1. The beam of positive particles is normal to 
the plane of the figure and is 
directed away from the observer 
towards the point 0. It passes 
between two plates, one of which 
(say the left one) is maintained 
at a constant positive potential 
r(ilative to the other. Then the 
el(K',tric lines of force will run 
from left to right in the figure. 

A magnetic fiekl is also maintained 
in the space between the plates, 
such that the magnetic lines of 
force also run from left to right. 

The electric field displaces the 
positive particles to the right by 
an amount which may be calcu¬ 
lated as in Vol. Ill, p. 314, while 
the magnetic fi(ild displaces them downwards in the figure (Vol. Ill, 
p. 316). If we use the co-ordinates shown in the figure, these dis¬ 
placements are given by 



Fig. I. —Parabolic traces of positive rays 
deflected by parallel electric and magnetic 
fields. 




mv 


where a and h are the distances passed through in the electric field of 
strength E and the magnetic field of strength H respectively, and e, 
m, and v have their usual meanings. 

After passing through a field-free region the positive rays fall on 
a photographic plate. The displacements y' and z' on the plate arc 
proportional to 

c E , ^ H 

m v^ ^ m 'v 


respectively. Eliminating v, we obtain 


, p E OT ,2 


Thus for particles with different velocities but the same value of ejm 
we obtain a parabola, the shape of which depends upon m/e, the field 
strengths used, and the dimensions of the apparatus. Each value of 
mje thus gives a different parabola, the other factors remaining con¬ 
stant. The point 0 in fig. 1 is the point at which the beam would strike 
the plate if there were no fields present, or the point of incidence of 

(E950 8 
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particles of infinite velocity if the fields were switched on. Since no 
particle can possess a velocity greater than that corresponding to the 
accelerating potent'al, the parabolas do not extend right up to the point 
0. The value of y' for a given value of z' increases with m/c, so that 
the parabolas nearer the ?y-axis correspond to the particles of greater 
mass or lesser charge. The ratio of two different mass(^s bearing the 
same charge is obtained at once by measuring the distances ah and ac 



Fig. 2.—Positive ray parabolas with discharge tube containing neon 
rp’rom F. W. Aston, Isotopes (Arnold).] 


(see fig. 1). From the relations given above we have = ab^jac^, 
independently of the dimensions of the apparatus and the conditions 
of the experiment. The four similar sets of parabolic arcs in fig. 1 
correspond to the combinations of field directions indicated in the 
respective quadrants. Fig. 2 shows parabolas actually obtained with 
positive rays from neon. In addition to parabolas for the two 
neon isotopes 20 and 22, traces due to various carbon compounds 
(from grease vapour) and mercury (from the pump) can be seen. 
Fig. 3 shows parabolas for certain compounds of carbon and hy¬ 
drogen. 

.Aston’s Method.— The method of Thomson was greatly improved 
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by Aston * (1919). He used crossed fields and developed an apparatus 
(the so-called mass spectrograph) with which atomic weights could be 
determined to within 0*01 per cent. 

The apparatus is shown diagrammatically in fig. 4. 


tf,-group 

fj-group 

fi-group 

3"—Positive ray parabolas for hydrocarbons 
f After liisenhut and Conrad, Zeitschrijt fur Elektrochemie, Vol. XXXVI (1030).] 

The di.st liarc^(‘ is piYxluced in the spherioal globe B. A being the anode 
and (.- the eatluKlc'. 'PIk' latter, as in W. Wjkn’s apparatus ^V'ol. Ill, p. 342), has 
a. very tine ehaniK*! (()-(),3 nini. wide) running through it. The positive rays 
pas.s thnnigh this tube before entering the observation spaee on the left. They 
are fiirtluT rcstrieted so as to form a narrow beam by means of a second slit 8^, 
which is accurately centred Asith the first. They then pass between the plates 



Ji, J 2 , between which an electric field is maintained, as in a condenser. The field 
deflects the beam and at the same time resolves it into a “ spectrum ” of rays 
of different energies (velocities). Another slit L, situated in the bore of a 
ground tap, can be finely adjusted so as to let through a smaller or larger angulai 

* P. W. Aston, born in 1877, became assistant lecturer in Physics at Birmingham 
University in 1909, and went to Trinity College and the Cavendish Laboratory, Cam¬ 
bridge, in 1910. In 1922 he 'wao awarded the Nobel Prize for his work on isotopes. 
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region of the dispersed beam. Thus the particles passing through L have kinetic 
energies included in a certain small range. They next pass between the poles M 
of a very powerful electromagnet, the lines of force from which are at right angles 
to the lines of force of the electric field. The magnetic field strength is adjusted 
in such a way that the deflection produced by it is just twice that produced by 
the (dectric field and in the opposite direction. This being so, the rays dispensed 
by the electric field are focussed by the magnetic field and form a sharp image 
of the slit. For suppose that the rays passing through Jj are deflect(‘d through 
an angle 9 by the electric fitdd, and through an angle by the magnetic hcH, 
The magnitude of 9 is given by e/{vhn); that of vp i)y e/(vm) (see above, p. 1)7), 
The velocity v in general varies considerably, but for a given in only particles ^^ ith 
velocities lying in the small range Ao get through L. The correspfmdmg small 
angular dispersion, which we may call A 9 , is given by 2eAr/{iihn). Since the 
velocities are spread out over the small region Ai\ the magnetic! deflections ^\iIl 
also bo spread over a small angular region AtJ>, which is given by eAvl{v^m), Hence 
we have 

__ A 9 
^ 29 * 

Now if we adjust the magnetic field strcuigth so that — 29 , it follows that 
Ac}; -- A 9 . Since, further, the magnetic and elc‘ctric elfccts o])pose one another, 
the dispersion is just neutralized. The divergent bemm passing through L is thus 
brought to a dc'finite focus for each value of m by the magnetic, field. In this 
respect the magnetic field does for the canal rays wdiat a converging Icms does 
for a beam of light from a point source. The extreme sharpne^ss and accuracy 
of Aston’s method ck'pends upon this focussing property. 

After deflection by the magnc^tic field the beam enters a photographic camera 
Z and falls in focus on the plate W. The side-tubes and lo. whi(‘h contain 
coconut carbon and dip into liquid air, absorb residual gas(‘s and thus maintain 
a very high vacuum throughout the whole space from the camera to the rear side 
of the cathode, so preventing any serious broadening c)f the beam and altera¬ 
tions of velocity as a result of collisions with gas molecules. 

The heating effect of the cathode rays from C is made innocuous and the 
production of X-rays is avoided by the use of the silica bulb D. The light source 
T and the tube K are used to make reference marks on the photographic plate W 
(the small dots to the left in fig. 5, p. 101). U'he correct adjustment of the de¬ 
flection by regulation of the fields is carried out with the help of the phosphorescent 
(willemite) screen Y. P is a detachable transparent cover, through which new 
photographic plates are introduced. Finally, V is a mechanism for shifting the 
photographic plate after each exposure, so as to bring it into position for the next. 

Different positive-ray traces are obtained on the photographic 
plate according to the nature of the gas in the discharge tube B. Since 
the slit L selects a narrow range of velocities for each mass from the 
electrostatic positive-ray spectrum, and since the dispersion is just 
neutralized by the magnetic field, the final deflection depends on the 
value of ejm and the strength of the magnetic field only (p. 97), the 
effect of velocity being eliminated. Thus the positions of the different 
marks on the plate correspond to different values of ejm. 

Mass Spectra. —Fig. 5 shows a series of photographs for the gases 
neon, chlorine, argon, krypton, and xenon. From their similarity to 
photographs of optical spectra, Aston called such photographs ^mss 
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spectra. Thus each “ spectral line ” corresponds to a definite ratio of 
mass to charge. 

If we assume that every particle carries just one elementary charge, 
the smaller the mass of the particle, the greater is the deflection, and 
hence the closer do the corresponding lines lie to the reference dot at 
the left-hand end of the spectra. It is pos lible to mark on the spectrum 
a calculated scale of atomic weights and then to read ofE from this scale 
the atomic weight (jorresponding to any line. 



If a particle carriers two elementary positive charges, its deflection will be 
just twice as great as if it carried only one. Hence the lino produced in the mass 
spectrum will be at a point on the scale corresponding to an atomic weight exactly 
half the correct value. By analogy with grating spectra, Aston called such lines 
lines of second order. A triply charged particle gives a line of third order. Thus 
an oxygen atom carrying one positive charge gives a line at the scale-value 16, 
while a doubly charged oxygen atom gives a line at 8. An aluminium atom with 
one positive charge gives a line at 27, with two charges it gives a line at 13-5, 
with three charges a line at 9. 

Reference Lines. —Certain lines are found on all photographs of mass spectra: 
these arise from the gases present as impurities in the discharge tube. Chief 
among such gases are the vapours from tap grease: CO 2 with molecular weight 44, 
CO and O 2 II 4 (ethylene) with molecular weight 28. Singly charged molecules of 
these gases give lines, which may be used as reference marks, at the corresponding 
scale values. In addition we have 02 ”^ = 32, 0+ = 16, and 0++ = 8. The mass 
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numbers of unknown lines can be obtained by interpolation between these 
known values. 

The accuracy is even high enough to distinguish between He++ — 2*0005 and 
H 2 '^ ~ 2*016 (fig. 5, spectrum VII, h). All the four spectra marked VII in fig. 5 were 
taken with the object of investigating w^hether the ratio of the atomic weights of 
helium and hydrogen is a w hole number within the limits of accuracy of the method. 
If the ratio were a whole number, then the line of He+ = 4 taken with a certain 
field strength must coincide exactly with the line of “ 2 taken w ith a field 
strength just half as great. The test becomes even more delicate if, as in the 
spe(?tra VII of fig. 5, the first field strength is not exactly twice the second, but 
a few' volts higher or lowTir than this. If the atomic weights are in the exa(jt ratio 
2 :1, the line of the higher mass must then lie exactly midway betw^een the lines 
of the lower mass (Vll, a and c). Otherwise the arrangement must be asymmet¬ 
rical (VII, b and d). 

The Whole-number Rule.—Investigations of mass spectra lead to 
the following new and surprising result: 

The atonnic weights of all atoms referred to oxygen as lG-000 are very 
nearly whole numbers. 

We may illustrate this result by the case of chlorine. Careful chemical det(T- 
minations of the atomic weight of ordinary chlorine give the value 35*46. 
Yet there is no trace of a line in the mass spectrum at the position corresponding 
to this value (fig. 5, III and IV). Instead, with chlorine or chlorine compounds 
(COCI 2 ) in the discharge space, we obtain four sharp lines at positions corre¬ 
sponding to 35, 36, 37, and 38 on the atomic w eight scale. Not all th(^ four lines 
recur, however, in the second order spectrum. If eacli of the four lines in the first 
order W'ero due to singly charged atoms, we should expect the same atoms when 
doubly charged to give four lines at 35/2— 17*5, 36/2— 18, 37/2— 18*5, and 
38/2 — 19. As is stated above, however, this is nut the case. Actually only the 
lines 17*5 and 18*5 occur in the spectra (fig. 5, Jl).* Hence the lines 36 and 38 
must be due to HCl molecules, which (in accordance w ith the re;sults of Thomson's 
canal ray investigations) do not occur with more than one charge (j), 96). Only 
the lines 35 and 37 remain for chlorine itself. This is confirmed by the fact that 
when the discharge tube is filled wdth C-OClg only two lines are found (at 63 and 
65) instead of a single line corresponding to the ordinary molecular weight of 
COCl (63*46) (see fig. 5, IV). The result of investigations of mass spectra is thus 
as follows: 

The ordiimry chemical element chlorine is not a simple element consisting of atoms 
all of the same mass, but consists of a mixture of two kinds of atoms with respective 
atomic weights 35 and 37. 

From the intensity of the lines in mass spectra it is possible to 
estimate the relative amounts of different isotopes in a complex element 
and thus to determine the mean atomic weight found by chemical 
methods. 

Table XI gives the number of isotopes of all the elements investi¬ 
gated. We see that an element may have quite a large number of 
isotopes, e.g. 7 in the case of mercury, 11 for tin. In the latter case 
there is a difEerence of 12 units between the atomic weights of the 
heaviest isotope and the lightest. 

♦ An extremely feeble line at 18 can be explained as being due to H 2 O+. 
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Table XI.—Table of Isotopes 


The isotopes are arranged in each case in the order of frequency of occurrence; 
the radioactive isotopes are indicated by an asterisk. Radioactive isotopes produced 
artificially are not included. 


Element 

z 

Isotopes 

Element 

Z 

■■ 

Isotopes 

H 

1 

1, 2, 3 

Sn 

50 

120, 118, 116, 119, 117, 

He 

2 

4, 3 



124, 122, 121, 112, 

Li 

3 

7, 6 



114, 115 

Be 

4 

9 

Sb 

51 

121, 123 

B 

5 

11, 10 

Te 

52 

130, 128, 126, 125, 124, 

C 

6 

12, 13 



122, 123, 127? 

N 

7 

14, 15 

I 

53 

127 

0 

8 

16, 18, 17 

Xe 

54 

129, 132, 131, 134, 136, 

F 

9 

19 



130, 128, 124, 126 

Ne 

10 

20, 22, 21 

Cs 

55 

133 

Na 

11 

23 

Ba 

56 

138, 135, 136, 137 

Mk 

12 

24, 25, 26 

La 

57 

139 

A1 

13 

27 

Ce 

58 

140, 142 

Si 

14 

28, 29, 30 

Pr 

59 

141 

i‘ 

15 

31 

Nd 

60 

146, 144, 142, 145, 143 

1 

16 

32, 34, 33 

Sm 

62 

144, 147, 148, 149, 150, 

(;i 

17 

35, 37 



152, 154 

A 

18 

40, 36, 38 

Eu 

63 

151, 153 

K 

19 

39, 41* 

Gd 

64 

155, 156, 157, 158, 160 

Ca 

20 

40, 44, 42, 43 

Tb 

65 

159 

Sc 

21 

45 

1>V 

66 

161, 162, 163, 164 

Ti 

22 

48, 50, 46, 47, 40 

Ho 

67 

165 

V 

23 

51 

Er 

68 

166, 167, 168, 170 

Cr 

24 

52, 53, 50, 54 

Tm 

m 

169 

Mn 

25 

55 

Yb 

70 

171, 172, 173, 174, 176 

ie 

26 

56, 54, 57 

Lu 

71 

175 

Co 

27 

59 

Hf 

72 

176, 178, 180, 177, 179 

Ni 

1 28 

58,60,62,61,56(?),64(?) 

Ta 

73 

1 181 

Cii 

29 

63, 65 

W 

74 

184, 186, 182, 183 

Zn 

30 

64, 66, 68, 67, 70 

Re 

75 

187, 185 

Ga 

31 

69, 71 

Os 

76 

192, 190, 189, 188, 186, 

Ge 

32 

74, 72, 70, 73, 76 



187 

As 

33 

75 

Hg 

80 

202, 200, 199, 201, 198, 

Se 

34 

80, 78, 76, 82, 77, 74 



204, 196 

Br 

35 

79, 81 

Tl 

81 

205, 203, 207*, 208*, 

Kr 

36 

84, 86, 82, 83, 80, 78 



210* 

Rb 

37 

85, 87* 

Pb 

82 

208, 206, 207, 204, 203?, 

Sr 

38 

88, 86, 87 



205?, 209?, 210*, 211*, 

Y 

39 

89 



212*, 214* 

Zr 

40 

90. 94, 92, 96, 91 

Bi 

83 

209, 210*, 211*, 212*, 

Cb 

41 

93 



214* 

Mo 

42 

98, 96, 95, 92, 94, 100, 

Po 

84 

210*, 211*, 212*, 214*, 



97 



215*, 216*, 218* 

Ru 

44 

102, 101, 104, 100, 99, 

Rn 

86 

222*, 219*, 220* 



96,98? 

Ra 

88 

226*! 223*, 224*, 228* 

Rh 

45 

103 

Ac 

89 

227*, 228* 

Ag 

47 

107, 109 

Th 

90 

232*, 227*, 228*, 230*, 

Cd 

48 

114, 112, 110, 113, 111, 



234* 



116, 106, 108, 115 

Pa 

91 

231*, 234* 

In 

49 

115, 113 

U 

92 

238*, 234* 
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Thus an ordinary element, in the chemical sense, may consist of 
a mixture of different kinds of atoms. Such an element may be re¬ 
ferred to as a mixed element or a complex element. 



Fi)(. 6.—The types of atoms with atomic weights from i to 50 


In some cases it is found that the atoms of chemically different 
elements have the same mass. Such atoms are called isobares.* As 

may be seen from Table XI and fig. G, these 

I A cases are not very common, and the number 

of isobares of any given mass never exceeds 
two. Fig. 7 is a graphical illustration of 
^.ji ^ relative abundance of the isotopes in 
CIA Cl K \ K Ca an interesting example (anomaly of the 
^ Ca chemical atomic weights of potassium and 

. — —^^^^— ^ argon). 

36 38 to M j|. jg ^ remarkable fact that elements 

dJrfJti^*'oratoms of atoHiic number are usually simple 

weights from 35 to 44 (relative or clsC COllsist of a mixtUTC of tWO isOtOpCS 
values). To obtain a quantitative 4. 4. ^ 

idea of the abundance in meteor- mOSt. 

ites keep the ordinates for Ca juass Defect.—A ston’s method makes 

unaltered and diminish those of , ... 

K by a factor about 10 , of Cl by it possible to determine the masses of 
™uch‘lL*eVfa«oV'Vr^t isotopcs With a Very high degree of ac- 
tribution in the earth, the corre- curacy. It is found that Very Small dcvia- 
for aTo^o.^^n^fL^A much tions from the whole-number rule do occur 

when oxygen is taken as 1G‘00(). The 
deviations are all such as to indicate that the actual mass is somewhat 
less than it would be if the atom under investigation were built up 

* Gr. isos, the same, baros, weight. 


Fig. 7.—Part of the diagram of 
distribution of atoms w'ith atomic 
weights from 35 to 44 (relative 
values). To obtain a quantitative 
idea of the abundance in meteor¬ 
ites, keep the ordinates for Ca 
unaltered and diminish those of 
K by a factor about 10, of Cl by 
a factor of about 15, of A by a 
much larger factor. For the dis¬ 
tribution in the earth, the corre¬ 
sponding factors are for K unity, 
for Cl 100, and for A much larger. 
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of the appropriate number of hydrogen atoms each of mass 1*00778. 
The difEereuce between the observed mass and the mass predicted on 
this hyi^othesis is called the mass defect or packing fraction. 

On the assumption (strongly suggested by the whole-number rule) 
that th(i nuclei of the heavier atoms are built up of protons, the exis¬ 
tence of these mass defects forces us to the conclusion that the proton 
must lose a certain fraction of its mass as a result of packing. For 
further deductions from this remarkable fact see p. 231. 

3. The Constituents of the Nucleus 

Nuclear Structure.—From the fact that the atomic weight of an 
element is greater than its atomic number, it follows that nuclei cannot 
be built up of protons alone. In addition they must contain neutral 
particles of unit mass. These, of course, cannot be ordinary hydrogen 
atoms; for the hydrogen atom has a diameter of about 10 ® cm., 
wher(ias that of the ruuitral constituents of nuclei must be of the order 
of 10”^^ cm. In view of the emission of ^-rays in radioactive changes, 
it has be(m usual to suppose that nuclei also contain electrons. It 
must not be forgotten, however, that such electrons as are cjontained 
within niK'lei must be in a state entirely difterent from that of the 
easily removed extra-nuclear electrons or from the electrons in cathode 
rays or ^-rays. We shall therefore speak of nuclear electrons, meaning 
by this the negative constituents which are observed as electrons 
when they leave the nucleus. 

If this view is adopted, then nuclei must be regarded as built up of 
protons and nuclear electrons, compressed together, in some way as yet 
unknown, into a region with an effective diameter of about 10 cm. 

Thus tli(^ atom of helium, which follows hydrogen in the periodic table and 
has atomic number 2 and atomic w'eight 4, is to be regarded as consisting of two 
extra-nuclear electrons and a nucleus with two elementary positive charges. 
The nucleus may in turn be regarded as consisting of four protons together with 
two nuclear electrons. It follows that heavier atoms are very complicated in 
structure. For example, the radium nucleus (atomic number 88 and atomic 
weight 226) will consist of 226 protons and 226 — 88 = 138 nuclear electrons. 

In view of the complexity of nuclear structure, it is not surprising that devia¬ 
tions from the inverse square law of force (possibly due to polarization) should be 
found when a test particle passes very close to a nucleus. Experiments on the 
scattering of a-particles by the nuclei of light atoms (where the approach is very 
close on account of the low nuclear charge) actually show such deviations. 

The fact that a-particles (helium nuclei) are the only massive particles observed 
so far in radioactive changes indicates that the complex of 4 protons plus 2 nuclear 
electrons must be particularly stable (p. 231). Another remarkable fact is that a 
p-ray change is nearly always followed by a second P-ray change. This indicates 
that the electrons within a nucleus are arranged in pairs; and the fact that the 
pairs of P-ray changes are preceded and followed by a-ray changes suggests that 
the arrangement is such that certain helium nuclei are closely associated with 
electrons in the nucleus, perhaps thereby constituting neutral a-particles (sec 
also p. 231). 
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Neutrons.—Considerable light is thrown on these problems by the 
discovery of the independent existence outside atoms of neutral par¬ 
ticles of unit mass (Chadwick, 1932). These particles discovered by 
Chadwick differ radically from hydrogen atoms in that their effective 
diameter is at most only 10“^^ cm. They are called neutrons. Their 
properties will be discussed on p. 111. This discovery makes plausible 
the new view that nuclei are built up of protons and neutrons, and that 
the very stable a-particle consists of a combination of two protons and 
two neutrons. It still remains an open question, especially in view of 
the discovery of the positive electron (p. 114), whether the neutron is 
to be regarded as a fundamental particle or as a very close association 
of positive and negative charges. 

4. The Relative Abundance of Different Nuclei 

The constancy of the observed values of the atomic weights of 
non-radioactive elements proves the constancy of the proportions in 
which the isotopes occur in the chemical elements. These definite 
relativ(5 proportions must date from the original formation of the 
atoms at the birth of the heavenly bodies. We (jonclude that certain 
arrangements of the nuclear constituents must be more stable than 
others, at least under the conditions of formation of the elements, i.e. 
in the interior of the stars (p. 4*^6). To obtain information about the 
relative stabilities of the different nuclei, we have therefore to investi¬ 
gate their relative abundance in the universe. Evidence on this point 
can be obtained only from meteorites. It is to bo noted that spectrum 
analysis of the light from stars is of no avail here, firstly because W(^ 
can only obtain information about the surface^ of the stars, and sec^ondly 
because the intensity of the lines emitted by an element does not bear 
a simple relation to the concentration of the element. In the same 
way, investigation of the distribution of the elements on the (*arth 
would lead to false conclusions, because the composition of the earth’s 
crust (which is the only part accessible to experiment) must differ 
from that of the interior. The relative abundance of the different 
kinds of atom, according to the best evidence meanwhile available, 
which, however, is by no means conclusive, is shown in fig. 8 on a loga¬ 
rithmic scale. We see that there is a marked decrease in abundance with 
increasing atomic number (approximately proportional to the seventh 
or eighth power of the latt(^r). 

The first 29 elements form 99-85 per cent of the earth’s crust, 
99-98 per cent of the stony meteorites, and 100 per cent of the ferrous 
meteorites. The radioactivity of the elements of high atomic number 
is additional evidence for the instability of the heavier nuclei. 

Taking the nuclear masses as abscissae instead of the nuclear charges, 
we obtain fig. 9, which shows the distribution of the lighter elements. 

We see from fig. 8 that elements with even atomic numbers are much 
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more abundant than those with odd atomic numbers (Harkins). 
The two or three elements which have still to be discovered have 
odd atomic numbers. 

If A is the atomic weight (number of protons + number of 
neutrons) and Z the atomic number (net positive charge on the 



ritj. S.—Distribution of the elements in meteorites. The distribution in tfjc earth’s crust and 
in the outer layers of stars is in general similar, except for H and He (after Goldschmidt). 
"^I'lie elements of odd and cv’cn atomic number are joined by separate curves. 

[From Handbuch der Physik, Vol. XXII (Springer, Beilin),] 

nucleus), the numb(‘r of nuclear electrons (or neutrons) must be 
N “ A — Z. Inspec^tion of a table of isotopes shows that the 
numb(u* of nuclei for which N is ev(ui is about four times the number 
for wliich N is odd. In addition, the relative number of nuclei with 
N even and Z even is about 4 in 7, the relative numbers with N odd 



Fig. 0-—Approximate distribution of the lighter elements in the earth’s crust 


and Z even or with N even and Z odd are about equal (taken together 
about 3 in 7), while hardly any nuclei with N odd and Z odd exist. It 
is very remarkable that nuclear masses divisible by 4 are particularly 
abundant. This seems to indicate that the complex corresponding to 
an a-particle plays a special part in nuclear structure. About 90 per 
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cent of the earth’s crust is made up of nuclei whose masses aro 
divisible by 4, viz. 0 (]6), Mg (24), Si (28), S (32), Ca (40), and Fe (56). 

In this connexion it is interesting to note that the radioactivity of 
potassium appears to be entirely confined to the isotope 41 (BtLTZ and 
Zieoert). 

5. Transmutation of Atoms 

Long-range Protons. —AVhen an a-particle collides head-on with 
a heavy nucleus, it imparts only a small veIo(;ity to the latter (see the 
discussion of elastic collision on p. 89). If, however, the struck nucleus 
is light, the velocity imparted to it in the collision is corres])ondingly 
greater. This is especially marked in the case of hydrogen, where the 
proton is given a velocity 1*6 times that of the original velo(^ity of the 
a-2)article itself. Now it has been found that the range R of an elemen¬ 
tary parti(?le can be a])proximately represented by the expression 
R — Av-T^jnu where v is the velocity, Z the positive charge, m the 
mass of the particle, and A a constant. For the direct collision of an 
a-particle of velocity v„ with a hydrogen nucleus (proton) w(‘ have 
Va = hOv^ (Vji being the velocity imparted to the proton), anti hence 

Rh _ 

H. rJZM. 

Using a-rays with a range of about 7 cm. in air (from RaC'). we 
should therefore expect to obtain long-range protons with a range of 
about 29 cm. Marsden (1914) actually succeeded in detecting such 
partick's by the scintillation method when substanc(\s containing 
hydrogen were bombarded with a-rays from RaC'. Fig. 10 shows the 
track of one of these long-range protons. One-half of a radioactive 
preparation was covered with a thin layer of paraffin. The tracks of 
the a-rays from the uncovered part are seen on the right of the figure. 
On the left are the tracks of the a-particles which have been retarded 
by passing through the paraffin, and also the track of one long-range 
proton. 

In pursuing the investigation of this phenomenon Rutherford 
discovered (1919) that these long-range jmrticles are produced by the 
impact of a-particles on nitrogen atoms in complete absence of hydro¬ 
gen. Together with Chadwuck he subsequently found that the same 
thing happens with a number of other elements. The particles were 
identified as protons by the method of magnetic deflection. It was 
found that some of them had ranges considerably greater (up to 90 
cm. for aluminium bombarded with a-rays from RaC') than that calcu¬ 
lated above for hydrogen, and were sent out in the backward direction 
as well as the forward direction. These facts indicate that the protons 
must possess energies considerably greater than those of the bombard¬ 
ing a-particles, and that they must be shot out from the struck nucleus 
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in such a way that part at least of their energy is derived from the 
internal energy of the nucleus. Thus we have an atomic transmutation, 
similar to those which take place spontaneously in the case of radio¬ 
active elements. 

Bombardment with a-particles (mostly from RaC) has be(ui found 
to cause emission of protons from all the elements of atomic number 
up to 19, with the exception of H, He, Li, C, and Be. In these excep¬ 
tional cases the data are contradictory. The most marked transmu¬ 
tation eli(^cts occur with B, N, and Al. 

In processes of this kind it seems as though we are not (or not 
always) dealing with a smashing of the nucleus by the a-particle impact. 



Fig. 10.—Track of a long-range proton produced by bombardment of paraffin with a-rays. 

(The track is indicated by the arrow on the left) 

[From L. Meitner, Die Naturzvissenschaften, 1927 (Springer, Berlin).] 

but rather with a capture of the a-particle. Evidence for this is to be 
found ill the fact that in many cloud-track photographs of transmu¬ 
tations of nitrogen (see fig. 11) only two tracks are produced, that of 
the long-range proton and that of the rest of the nucleus the captured 
a-particle. This explanation corresponds to the formation from nitro¬ 
gen (atomic weight 14, atomic number 7) of an atom of atomic weight 
17 and atomic number 8, i.e. the oxygen isotope 17. This isotope has 
actually been detected spectroscopically in the earth’s atmosphere. 

The number of direct head-on collisions of a-particles with nuclei 
in any experiment is very small, only one long-range proton being 
produced for several hundred thousand a-particles. Now it can bo 
calculated from the number of ions produced that an a-particle actually 
passes through some 100,000 atoms in the course of its range. Hence 
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it follows that only about one in 10^® of such passages through atoms 
results in a nuclear transmutation. It is found quite generally that 
above a certain limiting velocity (for boron about that corresponding 
to a range of 1*3 cm., for nitrogen about 2*8 cm.) a bigger yield is 
obtained. It appears further (according to Pose) that for the dif¬ 
ferent kinds of atoms there are difEerent velocities of the bombarding 
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Fijj. II.—Cloud-track photograph showing the transmutation of a nitrogen nucleus by the capture 
of an a-particle and emission of a proton (after Blackett) 

[From Handbuch der Physik, Vol. XXII, i (Springer, Berlin).] 


a*particles which produce particularly large yields (so-called resonance 
transmutation). 

Transmutations of atoms can also be brought about by bombard¬ 
ment with protons which have been accelerated in a high electric field. 
This was first shown by Cockcroft and Walton in 1932, using a 
potential fall of about 120,000 volts. They found that the lithium atom 
was disrupted with emission of a-particles, probably in accordance 
with the equation Li’ + == 2He^, in which the masses of the particles 

are written as indices. A number of other elements were also trans¬ 
muted in the same way. Here again the yield increases with the energy 
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of the protons. By improving the methods of detection Rausch von 
Traubenberg has succeeded in demonstrating that lithium is 
transmuted even by protons accelerated by a potential fall as low as 
13,000 volts; but here the yield is only one in 10^ 

As has been shown by Bothe and Becker (1930), a short-wave 
electromagnetic radiation (corresponding to the y-rays of radioactive 
elements) is also produced by the a-ray bombardment of light elements 
(particularly Li, B, F, and above all Be). 

The Neutron. —The transmutation experiments described above 
show that the proton really is a fundamental constituent of the 
nucleus. Protons, electrons, and a-particles, however, are not the 
only constituents. 

Closer investigation of the effect of bombarding beryllium with 
a-particles gave a very remarkable and unexpected result. Madame 
Cr^RiE-JoLiOT and M. Joltot found in 1932 that rays are produced 
which, when allowed to fall on substances containing hydrogen, in 
their turn produce new strongly-ionizing particles, with the properties 
of protons with a velocity of about 3 X 10^ cm. per second. Chadwick 
was also able to show (1931) by means of an ionization chamber that 
th(^ rays emitted from bombarded beryllium give rise to rapidly-moving 
atoms when allowed to fall on other elements, e.g. He, Li, Be, C, 0, 
N, and A. Difliculties are encountered if an attempt is made to explain 
thi^se effects as due to an electromagnetic radiation (p. 235); in particu¬ 
lar, the dependence of thv velocities of the atoms upon their masses 
is different from what one would expect on this view. 

The ranges of the moving atoms observed by Chadwick in different 
elements subjec^ted to the rays from bombarded beryllium can be 
satisfactorily (explained on the view^ that the particle colliding with 
tliem has a mass equal to that of a proton. Quite unlike the well- 
known high-speed protons, however, the particles in question produce 
no tracks in the cloud-chamber and no ionization in the ionization 
chamber. These facts, together with their extremely high pene¬ 
trating powder, indi(*Rte that their charge must be zero. That is, they 
arc neutral jmrtides of unit mass. These particles are called neutrons. 
The possibility of the existence of such particles had been considered 
much earlier by Lenard (nuclear d}mamids) and by Rutherford 
(1920). From the lengths and total ionization of the tracks of struck 
nuclei information can be obtained about the velocity of these nuclei 
and hence about the velocity of the impinging neutrons. The value 
found for neutrons from bombarded beryllium is about a tenth of the 
velocity of light. 

Since neutrons appear to be at most of the same dimenvsions as 
nuclei, they are practically unaffected in passing through the outer 
parts of atoms and produce practically no ionization. Only when they 
collide directly with a nucleus or with an electron does their presence 
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become apparent. The struck particle recoils and produces ionization 
along its track, thereby betraying the existence of the neutron which 
struck it. A photograph of such a recoil track, produced by a particle 
struck by a neutron, is shown in fig. 12. 

The velocity v imparted to an originally stationary body of mass 
m by the direct impact of another body of mass Wq and original velocity 
Vq is given by + ^') P* volume, 

p. 89). Hence the maximum velocity attainable by the struck body is 
2i\), when the impinging body is of infinite mass (m W(^). 

Thus the velocity imparted to an electron by the direct impact of 
a neutron cannot exceed twice the original velocity of the neutron. 



Fiff. 12.—Recoil of a He nucleus after collision with a neutron. In the 
centre is the o-ray source surrounded by a bcr\ Ilium sheath. Below is 
a control preparation with a-particle tracks (after Rasetti). 

[From Die Natundssenschaften, 1932 (Springer, Berlin).] 


If we use neutrons with a velocity of about 3 X 10^ cm. per second, 
this means that the electron tracks (which can bo distinguished by the 
nature of their ionization from the tracks of massive particles) will be 
quite short. These short electron tracks (similar to short-range jff-ray 
tracks) have actually been observed by Chadwick, Feather, and Dee 
on more than a hundred cloud-track photographs in which neutrons 
from beryllium were allowed to pass through the chamber. The 
observed lengths are in good agreement with the theory. 

Further evidence for the nature of the neutron is the fact that the 
ranges of the struck atoms are reduced if the neutron beams are first 
made to pass through a layer of matter. This behaviour favours the 
view that neutrons are corpuscular, rather than undulatory, in their 
nature. 
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The CuRiE-JoLTOTS and Dee have also observed tracks of faster 
electrons, such as one might expect to be produced by y-rays. Thus 
it seems that y-radiation is emitted in the transmutation of beryllium, 
in addition to the neutron rays. From an investigation of ionization 
by neutrons in counting apparatus Rasetti has also been led to the 
conclusion that y-radiation with an Ai^-energy of 10 million electron- 
volts must also be present. 

The proc‘ess in which the neutrons are expelled from the beryllium 
uuckais is ])robably to be regarded as a ca])ture of the a-particle by 
Be^ with simultaneous formation of thus Be/-;- He 2 ^->CV^H- 
In this equation the nuclear masses are iiulic^attid by indices and the 
corresponding charges by suffixes. The neutron is denoted by 

As Rutherford has concluded from cloud-chamber tracks, Feather 
(1932) has further succeeded in producing new types of transmutation 



Fig. «3.—Nitrogen Fig. 14.—Oxygen 

I'igs. 13 and 14.—Atomic transmutations due to bombardment by neutrons 
[From Die Saturivhsenschaften, JQ32 (Springer, IJeilin).] 


of nitrog(ui nuclei by bombardment with neutrons. He obtains two 
ty])es: one involving capture of the neutron and (^mission of an 
a-particle, and the otln^r involving the knocking-out of a proton with¬ 
out capture of the neutron. 

Fig. 13 shows a transmutation of the nitrogen nucleus according 
to th(» equation -f- -> + He^. The shorter track (range 

3*3 mm.) bc'longs to the boron nu(*leus; the longer track (range 
10*1 mm.) belongs to the a-particIe. The neutron produces no cloud- 
track (see below), but its direction of motion can be obtained by join¬ 
ing the source to the point of collision. Measurement of stereoscopic 
photographs and a})plication of the laws of conservation of energy 
and momentum make it possible to calculate the original energy of 
the neutron, the value obtained being 3*4 X 10® electron-volts; of 
this, 0*42 X 10® electron-volts are absorbed in the collision. Fig. 14 
show’s the transmutation of an oxygen nucleus: 0^® -f + He^. 

In this photograph the shorter track (range 6*6 mm.) belongs to the 

nucleus and the longer track (range 28*3 mm.) to the a-particle. 
The original energy of the neutron comes out as 8*3 X 10® volts, of 
which 0*9 X 10® volts are used up in the collision. It is interesting 
that a-particle bombardment of boron gives nitrogen with emission 

(e957) 9 
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of neutrons, while (as we have just seen) neutron bombardment of 
nitrogen gives boron with emission of a-particles. Thus this process 
can be carried out in the laboratory in both directions. 

A remarkable property of neutrons is their very great penetrating 
power. Whereas a proton of velocity 3 X 10*^ cm. per second has a 
range of only 30 cm. in air, the range of a neutron of the same velocity 
is several miles in air. This statement is based upon actual absorption 
measurements. We conclude that the dimensions of the neutron and 
the extent of its field must be very small to 10“ ^^ cm.). This 



Fig. IS.—Cloud-track of a positive electron in a magnetic field 
[After Anderson, Physical Review^ Vol. XLIII, 1933I 


explains the fact that the ionization produced by neutrons is extremely 
small—only one ion-pair for several metres of path—and that no 
appreciable cloud-track is formed (see figs. 12, 13, and 14). The yield 
of neutrons is of the same order as the yield of high-speed protons by 
the appropriate nuclear transmutations. The most favourable source, 
beryllium bombarded by the a-particles from polonium, gives only 
about 30 neutrons per million a-particles. The yield is increased by 
using a-particles of higher energy. All the elements up to aluminium 
appear to give neutrons, with the exception of He, N, C, and 0. A few 
elements, e.g. F and Al, give both neutrons and protons. 

The Positive Electron. —In the course of cloud-chamber investi¬ 
gations of the particles produced by the action of so-called cosmic 
radiation upon matter, Anderson discovered new positive particles 
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along with negative electrons. Their charge and mass were determined 
from their magnetic deflection and the ionization they produced. The 
particles proved to have about the same mass as ordinary electrons; 
but their charge, though equal in magnitude to the electronic charge, 
is opposite in sign.* They have been given the name of positive electrons 
or positrons. Positron tracks are shown in figs. 15 and 16. By the 
adoption of a special device Black ktt and Occhialini have succeeded 
in photographing a large number of positive electron tracks and so 
determining the charge and mass of the particles. Often a shower ” 



Fig. ift.—Cloud-track of a positive electron in a magnetic field of 430 gauss. 
The positive electron was produced by irradiation of lead with y-rays from 
RdTh and its disintegration products (after .\nderson). At the top is the lead 
plate, across the middle is a sheet of aluminium. Assuming the mass of the particle 
to be the same as that of an ordinary negative electron, the vclocitv above the 
aluminium sheet comes out as 820,000 volts, below the aluminium sheet as 
530,000 volts. [From Physical Review, Vol, XLIII, 1933.] 


of positrons is observed, the tracks all originating from a single point 
(fig. 17). Such showers indicate that some kind of nuclear explosion 
must have occurred. It was later foimd possible to j^roduce positrons 

♦ Of course a simple magnetic deflection experiment does not differentiate between 
a positive electron and a negative electron travelling in the reverse direction. To 
settle this point, the particles in question were caused to pass through a layer of matter 
(the aluminium plate of fig. 16 ), and the curvatures of their tracks in a magnetic field 
were nujasured on both sides. Passage through matter will obviously slow down the 
particles; hence the curvature must be greatest on the side of emergence. An obser¬ 
vation of this kind thus makes certain the sense in which the particles are mo^ang, 
and so removes any possible ambiguity as to the sign of their charge. Further evidem^e 
is provided by the fact that the particles are sometimes observed in “ showers ”, the 
corresponding tracks all radiating from a single point. The sense of motion must 
obviously be away from this point, as it is scarcely conceivable that so many par¬ 
ticles should converge upon one spot. 
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by irradiating lead with the very short-wave y-rays of ThC . So far 
this field of investigation has scarcely been touched, and no more 
detailed experimental data on the nature of the underlying elementary 
processes are available. 



Fig. 17.—Shower of particles (positive and 
negative electrons and nuclei) produced by 
cosmic rays. (Taken in a magnetic field.) 

[After Slackett and Occhialini, Proc. Roy. Soc., A, Vol. CXXXIX, ig33.] 


Closely related to the discovery of the positron is the question 
whether the neutron is of a complex or an elementary nature. The 
neutron may be regarded as an elementary neutral particle or as a very 
close association of a proton and a negative electron. 

If nuclei arc built up of protons and neutrons (p. 106), the fact that 
^-rays are emitted seems to favour the latter view. An important point 
is that this j8-ray emission from the nucleus has a continuous velocity 
spectrum (p. 20). But the original and final states of the nucleus are 
definite, so that we should expect the )8-ray velocity, or energy, to be 
also definite. To meet this difficulty Pauli and Fermi have postulated 
the existence of a new particle within the nucleus. The particle has 
been called the nenlrino. It is supposed to have no charge and only a 
very small mass. Its function is to preserve the conservation of energy. 



CHAPTER III 


Light and Matter 

A. The Photoelectric Effect 

1. The External Photoelectric Effect 

It has already boon mentioned in Vol. Ill (p. 312) that if the cathode 
of a vacuum tube is illuminated with light of sufficiently short wave¬ 
length, a current flows when a relatively small potential diflerentje is 
ajiplied. This current is due to electrons liberated from the cathode 
by the action of light. The cathode may be made of any metal or 
material which exhibits metallic conduction. (For other substances 
see p. 125.) 

Historical. —The discovery of this elfect goes back to an observation of H. 
Hertz (J887), who found that the passage of a spark between metalJic electrodes 
is facilitated by illumination with ultra-violet light. 

In 1888 Hallwachs show'ed that this is associated 
with the production of carriers of electricity; th(‘ 
fact that those carriers are electrons w^as estahlishcHl 
in J890 by Lenard (Vol. Ill, p. 318). 

An exjieriment similar to that mentioned 
above is illustrated in fig. 1. Here the space 
between the electrodes of a charged condenser 
is filled with a transparent insulator of high 
refractive index {n> 2 ; zinc blende, diamond). 

If zinc blende is used, the distance between 
the electrodes should be about 1-2 mm. When 
the insulating medium between the electrodes 
is illuminated, a current is observed (see fig. 1 ). 

This is clearly due to the liberation of carriers 

ol electricity in the interior of the dielectric, in a crystal on illumination (after 
The originally charged condenser discharges Krom r, w. pohi, PhyHct 
itself, as is seen by the fall of potential shown Piintipieso/EieciricUyandM,ig- 
by the elec.trometer connected m parallel 1930 ).] 
with it. 

Thus on the one hand we have an external photoelectric effect occur¬ 
ring at the surface of solids or liquids, and on the other hand an internal 
photoelectric effect occurring in their interior. 
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Fundamental Experiments. —In the experiment described in VoL 
III, p. 312, a current is observed in the external circuit even when 
no potential difference is applied, provided that the tube is well 
evacuated and the wave-length of the light used to irradiate the elec¬ 
trode is sufficiently short; the irradiated electrode becomes the cathode. 
It follows that the electrons liberated by the light must leave the 
electrode with a certain velocity. In actual practice it is very difficult 
in this form of the experiment to fulfil the condition that there shall 
be no potential difference between the electrodes when there is no 
illumination; for as a rule there will be a contact potential difference 
amounting to several tenths of a volt or even to several volts. 

The liberation of individual electrons can be very clearly followed 
by the balanced-drop method described in Vol. Ill, p. 47. A particle 
suspended in the field of a Millikan condenser is irradiated from 
the side with light of short wave-length (e.g. with X-rays, as in fig. 53, 
Vol. Ill, p. 48). It is then possible to observe the sudden changes in 
the charge of the particle, and to show by measurement that these 
changes correspond to the loss of a single electron. By using suspended 
particles of differing substances it can be shown that the photoelectric 
effect is common to both metals and insulators. With extensive layers 
of insulating material, however, the effect is reduced practically to 
zero, owing to the charging-up which occurs. 

Connexion between the Number of Electrons and the Intensity of 
the Light. —As long ago as 1892 Elster and Geitel proved that the 
number of electrons liberated by illumination with light of definite 
spectral composition is directly proportional to the absorbed light 
intensity, and hence also, if the conditions are kept constant, directly 
proportional to the incident light intensity. To obtain this result it is 
necessary to use a very good vacuum and to eliminate all possible 
sources of error (p. 128). The relationship is then found to hold good 
for alterations of light intensity in ratios up to 1:10^. Upon it depends 
the possibility of using the photoelectric effect to measure light inten¬ 
sities (p. 127). 

If only the absorbed light energy is considered, it is found (Pohl, 
1909) that the number of electrons liberated (so-called photo-electrons) 
is completely independent of the angle of incidence and state of polariza¬ 
tion of the light. Marked differences may well occur when the incideM 
intensities are equal, owing to unequal absorption and reflexion. The 
decisive quantity is always the absorbed energy. 

Velocity Distribution of Photo-electrons.— The conductivity ob¬ 
served in the experiment of Vol. Ill, fig. 18, p. 312 having been proved 
to be due to electrons, the velocity of these electrons can be determined 
from the radius of curvature of their paths in a magnetic field. For 
this it is necessary to work without any potential difference betw^een 
the electrodes of the tube. For more accurate determinations the form 
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of apparatus shown in fig. 24, p. 44 is used (Ramsauer’s method). 
A narrow circular path is determined by suitably arranged slits 
1 , 2, 3, . . . (see fig. 24). The uniform magnetic field is applied in such 
a way that the lines of force arc at right angles to the plane of the 
figure. By suitable regulation of the field strength and simultaneous 
observation of the number of electrons entering the collecting cage 
at 8 (by noting the rate of charging of an electrometer), a measure is 
obtained of the relative numbers of electrons liberated from the 
illuminated plate (marked Zn in the figure) with velocities determined 
by the radius of the path and the respective strengths of the applied 
magnetic fields. 

A second method of investigating the velocities of the electrons 
depends upon the application of a retarding field (Lenard). Fig. 2 
is a diagram of a radially symmetrical ar¬ 
rangement of this kind. The substance M 
under investigation is placed at the centre of 
a large hollow conducting sphere H, which 
is not photoelectrlcally sensitive to the 
radiation used. The whole is completely 
evacuated. Light falling on M through a 
small window liberates electrons, which all 
travel to H when there is no retarding field. 

The (airrent produced in this way can be 
measured by an electrometer connected as 
shown. Application of an accelerating po¬ 
tential between M and H (i.e. H is made positive relative to M) 
makes no diflerence to the current strength, for the latter already 
has its saturation value, since all the electrons reach H. If, however, 
a retarding potential is applied, only those electrons with initial 
velocities (expressed in volts) greater than the applied potential 
will be able to overcome the opposing field and reach the sphere. 
Actually the electrons liberated by the photoelectric effect have 
various velocities, so that the effect of increasing the retarding field 
will be to diminish the observed current gradually (see fig. 3). The 
gradual increase in the applied potential can be conveniently brought 
about by means of a potentiometer arrangement like that shown in 
fig. 2. 

Electrons with volt-velocities less than the potential difference of th(‘ applied 
retarding field are turned back before reaching H and return to M, just as a stone 
thrown upwards falls back to the ground. It is not difficult to see that the rate 
of fall of the curve of fig. 3 (i.e. its gradient or derivative at any point) is a direct 
measure of the number of electrons whicli just fail to reach the sphere? H for the 
particular value of the retarding potential. 

The retarding potential at which the current becomes zero gives the maximum 
electron velocity occurring undeT the conditions of the exj)eriment. When the 
current is zero, all the electrons are turned back by the field and rctiim to M. 


W 



methoJ with spherically sym¬ 
metrical arrangement. 
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Differentiation of the ordinate in fig. 3 gives the velocity distribution of the 
electrons, i.e. the relative numbers of electrons with velocities within given 
ranges (compare fig. 31, p. 49, and fig. 0, p. 123). 

In order to obtain the maxi¬ 
mum electron velocity another 
method due to Lenakd may also 
be used, in W'hieh the quantity 
observed is the potential (relative 
to the surroundings) eventually 
taken up by the body under in¬ 
vestigation when very carefully 
insulated and exposed to the illu¬ 
mination. Thus in this method the 
retarding field is set up by the loss 
of the photo-electrons themselves, 
and the final potential reached 
(the insulation being assumed 
perfect) is that at which even the 
fastt'st electrons an' unable to get 
away from the illuminated body 

_L_ and fall back again to it along 

i-2 Volts parabolic paths. 

“/ . -0-h 

^ , Independence of the Maxi- 

Vig- 3*—Photoelectric current at different retarding mum VelOCity Of the PhotO- 

potentials clectrons and the Intensity of 

tt' =■= measured potential of anode relative to cathode, the Incident Liffht_Tn 1 

u — true value, corrected for contact potential dif- -i i i ' 

ferencett*. Lenakd discovered the tact, 

then completely iinex])ecte(l, 
that the tnaximum velocity of the electrons liberated by a definite kind of 
light is independent of the incident intensity. This discovery has jirovod 
of fundamental importance in the subsequent developments of atomic 
physics. Table XII gives the relative value.s obtained by Llnard 



Table XII.— VARrATr')N of the Maximum Velocity 
OF THE PHOTO-ELEOTR 3 NS WITH LlGHT INTENSITY 


Llfdit intensity 
(in arbitrary units) 

279 

174 

32 

41 


Maximum velocity 
in “volts” 

1()5-M0 

M2 

MO 

1-06 


with a carbon arc. Other experiments have shown that this inde¬ 
pendence of incident intensity and electron velocity holds not only for 
the maximum velocity but also for the whole velocity distribution. 

Variation of the Velocity with the Frequency of the Light.—In the 
course of the same investigations Lenard found indications of a 
variation of the velocity of the emitted electrons with the wave-length 
of the light used, in the sense that the velocity increased as the wave- 
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length was made shorter. More accurate investigations of this point were 
not made till some ten years later (Hughes, 1912); the matter was 
then taken up in particular by Millikan (1916). On account of the 
great importance of the results, these experiments will now be dis¬ 
cussed in greater detail. 

The surfaces under investigation are mounted in a high vacuum 
in such a way that they can be cleaned and interchanged in situ. The 
exciting light must be very carefully freed from all stray light, especially 
that with a shorter wave-length. This may be effected by means of 
a double monochromator, i.e. two stages of spectral decomposition 
by means of prisms. The maximum velocity of the photo-electrons is 
determined by observing the value of the retarding potential at which 
the current between the irradiated substance and an auxiliary electrode 



Fig. 4.—Variation of photoelectric current with retarding potential at different 
wave-lengths in Millikan's experiment 

== measured potential of anode relative to cathode. 

U = potential corrected for the contact potential of — 2 47 volts. 


just becomes zero. Fig. 4 exhibits these retarding potentials as de¬ 
termined by Millikan for differing incident wave-lengths. We see 
that as the wave-length is diminished the retarding potential for zero 
current increases, i.e. th{‘ velocity of the electrons on leaving the sur¬ 
face increases. To find the actual electron velocities, it is necessary 
to make allowance for the contact potential difference between the 
substance under investigation and the auxiliary electrode. In the case 
of fig. 4 (sodium) this involves a correction of 2-47 volts. The corrected 
potentials are given on the lower horizontal axis on the figure. The 
maximum velocities are given by the points where the curves meet the 
horizontal axis. They are plotk*d in fig. 5 as a function of the frequency 
of the light used. The graph obtained is a straight line; its equation 
may be written in the form 

{\mv^ =) hv — p, 

where eUmax is the maximum electron energy, v is the frequency of 
the light, and h and p are constants. The threshold of the photo¬ 
electric effect is given by the point where the line meets the frequency 
axis, for here the maximum velocity is zero. In the present example 
of sodium the frequency of this threshold is f = 4*39 X 10^^ sec.*"^, 
which is equivalent to a wave-length of A 683m/x. 
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In the above equation p means the amount of energy required to 
remove an electron from the substance in question. This we may call 
the work of separation.* In general it consists of two parts, the energy 
of ionization required to split off the electron from the atom, and the 
energy required to get it out through the surface of the body (the 
so-called work function t). The value of p generally amounts to a few 
electron-volts. 

The great significance of this equation, especially that due to the 
occurrence in it of the universal constant h — 6-55 X 10"“’ erg sec., 
will be realized in the course of the discussion of other facts in atomic 
physics. 

Quanta of Energy and Light.— The energy properties of light in 
the photo-electric effect were given a theoretical basis by Einstein 



Fig. 5.—Maximum electron energy (from fig. 4) as a function of the 
frequency 


in 1905, after Planck had put forward his theory of the quantum 
behaviour of atomic resonators (p. 148). Einstein’s theory, which 
was based upon the experimental results of Lenard, has been amply 
justified by subsequent work. The photoelectric effect obviously 
consists in the transference of the energy of the absorbed light to an 
electron. This energy then appears (except for the amount p) as 
kinetic energy of the electron. It is observed, however, that the kinetic 
energy is independent of the intensity of the incident light, and depends 
only on the frequency. Accordingly we may associate with the light 
a certain energy of magnitude hv, such that the transferences of energy 
to the substance in the photoelectric effect can only take place in 
integral multiples of this amount. The quantity of energy hv can be 
communicated to an electron in some way still unknown, whereby 
the electron is given a certain kinetic energy. The magnitude of this 
kinetic energy cannot exceed hv, but may be less than hv if part of 
the energy is used up in other ways. 

We may therefore regard the energy carried by the light as con- 


♦ Ger. Abtrennungaarheit. 


t Ger. Austrittsarbeit, 
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ccntrated in packets, each of magnitude hv and each behaving indi¬ 
vidually and independently. These energy packets are called light 
quanta (see Vol. IV, p. 1). For further properties of light quanta see 
p. 233. 

Velocity Distribution with Monochromatic Illumination. —Even 
when the light used is all of one frequency, the emitted electrons leave 
the surface with different velocities. This fact is possibly due to the 
different paths taken by the electrons before they arrive at the surface. 
This has been demonstrated in particular by the sphere method of 
fig. 2, p. 119, in which the magnitudes of the velocities are measured 
directly, since the electrons always travel in the direction of the field. 



Fig. 6.-—Distribution of kinetic energy of photo-electrons 
from zinc (after Ramsauer). The relative shape of the 
curve is the same for all wave-lengths (measured from 
285 to 186 mti.)- 

1:0 matter at what angle they emerge from the surface. It is found that 
the energies are distributed about a maximum as shown in fig. 6. 
The distribution about the maximum is independent of the particular 
frequency used, so that for the average energies there is also a linear 
dependence upon the frequency. 

Spectral Distribution of the Photoelectric Effect. —Experiments 
show that the electron yield (i.e. the number of photo-electrons passing 
through the surface, referred to the same amount of absorbed energy 
in all cases) depends very much upon the wave-length of the light. 
In this connexion we distinguish between two cases: the so-called 
normal photoelectric effect, in which the number of electrons increases 
with increasing frequency, and the so-called selective photoelectric 
effect, in which the yield is a maximum at a certain frequency. Ex¬ 
amples of these two cases are given in figs. 7 and 8 respectively. 

Normal Photoelectric Effect. —The number of photo-electrons 
(per unit absorbed energy) increases with increasing frequency. Most 
of the measurements refer to layers of material which are very thick 
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relative to the actual absorbing layer, so that it is certain that only 
a fraction of the electrons liberated in the interior are actually observed. 
In these cases the nature of the surface has a very great influence. 
The jjresence of layers of gases, on the surface or absorbed in the in¬ 
terior, is of importance, esjiecially for the 
long-wave threshold, which (according to 
different observers) may vary by 100 w/x or 
more for the same ‘‘pure ” metal. Changes 
of photoelectric sensitivity with time 
(“ fatigue ” effects) may also be explained 
by the gradual formation of such layers. 
In general we may say that every metal 
shows a j)hotoclectric effect from a long¬ 
wave threshold of 300-200 mix onwards. 
In some cases, however, the long-wave 
threshold may lie in the infra-red, e.g. for 
some compounds which exhibit metallic 
Fig. 7.— Normal photoelectric effect COnductioil, and foF strongl v olcctro- 

positive metals, such as rubidium. 
Selective Photoelectric Effect.— Some metals (and probably also 
•some compounds) exhibit the behaviour illustrated in flg. 8, i.e. give 
a well-marked maximum of photoelectric sensitivity at a certain 
frequency. Working with polished mirror surfaces, Pohl and PRixns- 
HEiM were able to show in 1910 that these selective effects occur 
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Fig. 8.—Selective photoelectric effect in alkali metals 




only when the electric light vector possesses a component normal to 
the metal surface. Fig. 9 gives the experimental results. Wc see that 
the selective effect is obtained when the light is such that there is an 
electric component normal to the surface, but that the normal effect 
18 alone obtained in the absence of such a component. The selective 
ettect in the first case is superimposed upon the normal effect The 
position and height of the maximum are greatly influenced by structure 
and the condition of the surface. Probably the selective effwt depends 
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entirely on some peculiar surface condition exhibited by alkali and 
alkaline-earth metals. For the photoelectric effect of phosphors see 
p. 173. 

Occurrence of the Photoelectric Effect. —Probably all solid sub¬ 
stances would give the effect with light of sufficiently short wave-length, 
provided only that the light were absorbed. In this connexion account 
must bo taken of the static charging of insulators. Apart from the 
metals, but few substances have been investigated. Amongst these 
may be mentioned organic dyes, for which no connexion between 
fluorescence and the photoelectric effect is found, also various halogen 
compounds (<200 m/x) and ice 
(<180 mfji). Among aqueous 
solutions, ])otassium ferrocyanide 
alone gives an appreciable effect 
above 180 myi. Specially detailed 
investigations have been carried 
out upon th(‘ phosjfliors CaS 
and SrS in the form of powder 
(p. 173). These* show selective 
maxima at the* rc'gions of exciting 
absorption and a gen(*ral photo¬ 
electric sensitiveness incjreasing 
towards the shorter wave-lengths, 
corresponding to the so-c’.alled 
ultra-violet process (non-selective 
excitation) of jfliosphorescence. 

The Quantum Yield. —It has 
been stated on p. 122 that when 
the energy of absorbed light is 
transferred to electrons, the trans¬ 
ference takes place in quanta 
of magnitude hv (where v is the frequency). If one quantum is 
transferred to each electron, it follows that the number n of electrons 
liberated by a total quantity Q of absorbed light energy is given by 


This number is called the quantum equivalent. From the equation it 
follows that the number of electrons liberated per unit of absorbed 
light energy is inversely proportional to the frequency of the light; 
but as the number of electrons falls off, the energy imparted to each of 
them becomes correspondingly greater (the work of separation p being 
regarded as constant). 

If we imagine the energy of the light concentrated in some way 
into quanta each of magnitude hv (see p. 233 and VoL IV, p. 1), the 



Fig. 9.—Influence of polarization on the photo¬ 
electric effect of a Xa-K alloy. Angle of inci¬ 
dence 60’. 

(E — electric vector parallel to plane of inci¬ 
dence. E-*- — electric vector normal to plane of 
incidence.) 
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above relation states that the number of such quanta making up the 
energy Q is inversely proportional to the frequency of the light. The 
amount of energy in a quantum is directly proportional to the 
frequency v. 

The electron yields (i.e. the numbers of electrons per unit of energy, 
here per watt-second) to be expected in view of the above relationship 
are plotted in fig. 10 (the continuous line). The point at which the 
line stops is determined by the work term p; for when hv becomes 
equal to ja the quantum energy is no longer large enough to eject an 
electron. Comparison with fig. 7 (p. 124) shows that the actual curves 
observed for the normal photoelectric effect in metals slope in quite 
a different way. Yet no co.'tradiction of our principles is involved, 
as we see when account is tak n of the actual values of the ordinates. 

In fig. 7 the observed yield does 
not amount even to a thousandth 
of that which we would expect 
from quantum considerations. Thus 
less than a thousandth of the 
absorbed light energy is transformed 
into kinetic energy of (4ec-trons 
passing out from the surface, if due 
allowance is made for the work y 
used up in separating the electrons 
from the material in question. 
Hence in the course of the transfor¬ 
mation of the light eiKjrgy in the 
interior, processes must occur which 
use up the energy in other ways, converting it eventually into thermal 
motions. 

In the first place it is probable that the directions in which the electrons are 
emitted from the absorbing atoms are distributed more or less at random, so 
that only a fraction of the electrons actually liberated is susceptible to oliser- 
vation. .Further, only a fraction of those emitted in the right directions are able 
to reach the surface of the material with a sufficiently high normal velocity com¬ 
ponent. Of very great importance in this connexion is the condition of the outer¬ 
most layers of the surface, especially their capacity for allowing electrons to 
pass through. This explains the enormous importance of surface condition for 
photoelectric yield. It is easy to see that electrons with higher initial velocities 
will penetrate the siirface in greater numbers. Hence the rise of yield with in¬ 
crease of frequency, at least as far as it has hitherto been experimentally realized 
a fact which at first secerns to contradict the deductions from the quantum 
theory. It is not impossible, however, that with longer wave-lengths the matter 
may be complicated by modification of the nature of the absorption process, 
whereby only a fraction of the absorbed light is photoelectrically effective. 

If only the effects of internal absorption and surface discon¬ 
tinuity could be eliminated, it would be possible to demonstrate the 



I'll,'. 10.—Theoretical quantum yield per 
watt-second of absorbed energy for different 
wave-lengths. 
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full quantum equivalent. As will be explained on p. 130, this has 
actually been achieved in certain cases. 

Photoelectric Cells. —The practical application of the photoelectric 
effect dep(uids on the transformation of light energy into electrical 
energy in a cell like that illustrated in fig. 11. The photoelectric cell 
consists of a sealed bulb of glass or silica, in which are mounted the 
photo-sensitive layer (usually a specially prepared film of alkali 
metal) and an auxiliary electrode. Leads are sealed into the bulb and 
connected to terminals. In general an auxiliary potential difference is 
applied betw(‘en the electrodes, the sensitive layer being made nega¬ 
tive. The electrical energy is then derived from the auxiliary battery, 



Fig. 11.—Photoelectric cell as used in practice 


the actual cell acting only as a control. The electron current liberated 
by the incident light is exactly proportional to the light intensity 
(p. 118). Light flashes as brief as 3 x 10“® sec. produce an immediate 
response, the action of the cell being entirely devoid of inertia. 

In the case of a w^cll-evacuated cell the whole current is a pure 
eA(‘ctron current. Here very small applied potentials are sufficient to 
raise the current to its saturation value, after which further increases 
in potential produce no further effect. The actual currents obtained, 
however, are small, of the order of 10"^® ampere per lux of incident 
energy. 

In order to increase the current, the cell is sometimes filled with 
an inert gas. Increase of applied potential then causes a large increase 
in the ionization produced by the accelerated electrons, thereby in¬ 
creasing the number of carriers and thus increasing the current. 

Fig, 12 shows the current-voltage characteristics of a vacuum photo-cell 
(curve I) and a gas-filled cell (curve II). In the first case saturation is reached 
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with relatively low applied potentials. In the second case the current rises rapidly; 
but when a certain applied potential is exceeded, spontaneous discharge sets in, 
with consequent damage to the cell. A disadvantage of these cells is the occur¬ 
rence of fatigue effects, e.g. a decrease in sensitiveness after strong illumination. 
Quantitative work with photoelectric cells therefore requires some care and 
experience. For the short-wave ultra-violet region use is made (especially in 
meteorology) of cadmium cells; for longer wave-huigths the selective effects of 
alkali metal films are used. With gas-filled ceils and great light intensities it is 
possible to use a galvanometer to measure the ciirrt'ut; but with vacuum cells 
and lower intensities a very well insulated electrometer must be used. Another 
method is to connect the photoelecdrie cell to the grid of an amplifying ther¬ 
mionic valve (or system of valves) and thus to make the charging of the grid 
control a larger current. The measurement is th<‘u best (jarried out by compen¬ 
sating the anod(^ eurnnt, using a pointer instrument as a null instrumcuit (fig, 13). 
The range of appIi(;ation of photoelectric cells is continually being ext(‘ndcd. 



Fiff. 12,— Characteristic curves of ( 1 ) a vacuum 
type of photoelectric cell and (II) a gas-filled 
photoelectric cell. 



Fig. 13.—Arnpliher circuit for photo¬ 
electric measurements 
L, source of ligVit; Z, photoelectric cell; 
R, grid leak resistance; A, anode; ( 1 , grid; 
K, cathode; AR, .anode battery; Hii, fila¬ 
ment battery; CilJ, grid bias battery. 


In addition to numerous applications for scientific i)urpc)ses in the fields oi 
photom(?try and astronomy, mention may Iw^ made of their very extensi\'e use 
in sound films, picture telegraphy, television, and a great variety of tt'chnical 
relay devices. 

2. The Internal Photoelectric Effect 

The Primary Current. —A photoelectric (jflect in the interior of a 
transparent body can best be detected by the motion of the liberated 
charges when a field is applied. Thus the effect is manifested by the 
occurrence of conductivity on illumination, or perhaps an increase of 
an original “ dark ” conductivity. The processes involved are extremely 
complicated. Gudden and Pohl (1921) were the first to unravel the 
fundamental process and to demonstrate the migration and replace¬ 
ment of the electrons liberated by the light (the so-called primary 
photoelectric current). They carried out investigations with weli* 
insulating crystals such as diamond, zinc sulphide, and rock salt, and 
confined themselves to low intensities. In the apparatus shown in 
fig. 14 the crystal D is clamped between the electrodes K~ and K+ 
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and illuminated all over. We may suppose that the absorption is 
approximately uniform throughout. The light liberates electrons from 
the positively-charged centres in the crystal (see below). These centres 
remain at rest, but the electrons move under the influence of the applied 
field. This movement is measured by the electrometer E (so-called 
negative part of the primary current). In this connexion it is to be 
r(‘membered that if in a given time n electrons have each moved 
through an average distance x, then the electrometer indicates the 
charge fraction nexjd, where d is the distance from K”" to K+ and e is 
the electronic (diarge. On our assumption that the crystal is uniformly 
illuminated, the fraction x/d cannot exceed the value i when averaged 
over all the electrons. This maximum is reached wh(m (as has been 
realized in some cases) the electrons are able to traverse the whole 
crystal and thus all reach the anode. With diamond this can be realized 



L.I.M-0^ 

I'lK. 14. — Apparatus for 
measuring the primary photo¬ 
electric current. 



Fig. 15-—Primary current variations in an 
experiment with NaCl (after Pohl) 


for thicknesses not exceeding 1 mm. In such a case the crystal remains 
with a positive vohime charge. If, on the other hand, x is of molecular 
order of magnitude, a polarization of the crystal remains. The crystal 
is now in a new physical state: it is “ a(*tivated ” or excited This 
is manifested by the appearance of a new region of light absorption 
at the long-wave end of the normal band. The excitation can be de¬ 
stroy (‘^1 by thermal agitation or by irradiation with light corresponding 
to the long-wave absorption region, the return to normal being accom¬ 
panied by the re-entry of electrons or by the redistribution of electrons 
previously displaced. These charge displacements are observed at 
the electrometer as the so-called positive part of the primary current. 

Fig. 15 shows the variations of current for a crystal which is a comparatively 
good insulator. Illumination begins at the time fj. A current immediately flows, 
its strength remaining practically constant during the period of illumination. 
This is the current produced by the migration of the electrons liberated by the 
photoelectric effect. A slight falling-off is due to a gradually increasing volume 
polarization and the consequent 'weakening of the field. At time ^2 illumination 
ceases. The current falls nearly to zero, all that is observed being the replacement 
of the migrated electrons as a result of thermal agitation in the circuit. In the 

(£ 957 ' 10 
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present example (NaCl at 33° C.) this is just perceptible. Heating or irradiation 
u itli long*wave light (at time /s) greatly accelerates this replacement. J he current 
strength therefore rises markedly, only to sink gradually to zero as norma) con¬ 
ditions are re-established. 

Gudden and Pohl also succeeded (1923) in demonstrating the 
parallelism between the electron displacements and the glow of phos¬ 
phorescent substances, their after-glow, and the increase of glow pro¬ 
duced by heating or irradiation with long-wave light, thus making a 
considerable advance on Lenard’s inter})retation of phosphorescence 
phenomena (p. 174). 

As has been shown by Hilsch and Pohl (1929). the photoelectric 
effect in potassium iodide, for example, does not result din^ctly from 
the absorption of short-wave light. On the contrary, the immediate 
result is the formation of absorption centres 
(concentration about 10 ®), which first exhibit 
the photoelectric eile(‘t. These centres give 
the salt a characteristic absorption specdrimi, 
displaced in the longer w’ave-length direction 
relative to that of the normal salt. In silver 
bromide, for example, the centres correspond 
exactly to the latent image of photographic 
plates. According to recent investigations of 
Pohl and his co-w'orkers, the particular state 
involved in these long-w^ave absorptions is 
mainly characterized by loosely bound (dec* 
trons. It is possible to introduce such electrons 
into the crystal in various \vays and thus to 
produce the state associated with long-wave 
absorption. One way is by making an alkali 
metal diffuse into the crystal lattice; another 
is the introduction of electrons from a pointed cathode into the 
slightly heated crystal; or the <d('ctrons may be shot in as rapid 
cathode rays. Those electrons which are loosely bound in the 
cr 3 Lstal lattice can then be liberated by light or heat and made to 
migrate in the crystal under the influence of an electric field. Such 
a migration can be followed in a very striking maniK^r by the spread 
of (coloration through the crystal (fig. 16). 

The quantum equivalent law holds very wxdl in the long-wave 
absorption regions (fig. 17). Here the number of electrons is equal to 
the number of absorbed light quanta, whereas in the normal absorp¬ 
tion region of shorter wave-length the yield is much smaller. Such 
anomalously small yields indicate the occurrence of absorption pro¬ 
cesses which are not photoelectrically effective. 

Alkali halides coloured by means of neutral alkali atoms sliow a 
very marked selective effect (referred to incident light energy). This 



Fii?. 16,—Visible mif;ru- 
tion of a “swarm” of elec¬ 
trons in a KBr-crystal. 
Niituial size. (Alter Pohl.) 
Platinum electrodes fused on. 

[From Saturzvissenschaften, 
19.13 (SprinKcr, Berlin).] 
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seems to justify the assumption that the selective surface effect of 
alkali metal films (p. 124) is due to the absorption spectrum of the 
atoms adsorbed on the surface. 

The Secondary Current. —In addition to the phenomena discussed 
above, longer intensive illumination produces a current (the so-called 
secondary current) which varies in a complicated way with intensity 
and y)revious treatment. An appreciable time is required for this 
current to attain its full strength or to die away. The effect appears 
to be due to a diminution of resistance caused by disturbances of the 
crystal lattice following the extensive liberation of electrons. The 
applied potential then causes the secondary current to flow through 



Fitj. 17 .—Qinntum yield in the internal photoelectnc effect of diamond 
X absorption curve from optical measurements, -r rounded-off values. (After 
Gudden and Fohl.) 

[From Mviller-Pouillet, Lehrbuchder P/iysik, II, 2, II (Vieweg, Brunswick).] 


the crystal. The strength of this current may in certain circumstances 
b(' much greater than that of the primary current. It is then the only 
photoelectric effect detected by the l(»ss sensitive types of instruments. 
On account of the very comjilieated underlying processes, however, the 
laws of this conductivity change are still very little understood. 

The phenomena become even more corny)!icated when there is an 
ay)])reciable conductivity even in the dark, i.e. when the apyilication of 
a yjotential yiroduces a so-called dark current before illumination begins. 

In sj)ite of these disadvantages, practical use is made of selenium 
and thallium sulphide cells, the latter consisting of a melt of thallium 
sulphide and oxide. They offer the possibility of obtaining compara¬ 
tively strong currents; and nowadays their disadvantages appear to 
have" been so far overcome as to enable them to be used satisfactorily 
in practice for sound reproduction. 

The Blocking-layer Photoelectric Effect. —In the external photo¬ 
electric efft^ct (as, e.g., in fig. 18, Vol. Ill, p. 312) a current flows even 
when no voltage is apyffied. The actual current observed depends on 
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the magnitude and direction of the contact potential differences arising 
at the electrodes. On the otlier hand, in the internal photoelectric 
effect (as, e.g., in fig. 14, p. 129) no current is observed unless a potential 
difference is applied. Under certain circumstances, however, a current 
may be produced in tlie direction of illumination, even without the 
application of an auxiliary voltage. 

As early as 1876 Adams and Day discovered that an appreciable 
current was produced when a selenium cell was illuminated without 
a potential being applied. This effect can be well observed with the 
following apparatus. A piece of wire gauze (see fig. 18) is pressed upon 
a layer of cuprous oxide (Cii.^O) produced by oxidizing the surface of 
a massive copper plate by some means or other. The layer of oxide 
is illuminated through the gauze and a galvanometer is connected 
between the gauze and the main copper plate. During illumination 



Fig. 18.—Blocking-layer photoelectric effect 


Fig. 19.—Front wall blocking- 
layer photoelectric cell 


a current is observed (the direction of flow being indicated in the figure). 
This arrangement has the further peculiarity that if a potential *** is 
applied in the dark, a current will only flow in one sense, namely that 
corresponding to passage of electrons from the copper to the cuprous 
oxide. The interface between the copper and the cuprous oxide forms 
a so-called blocking layer. Arrangements of this kind can be used as 
dry rectifiers. It can be shown that the electrons liberated in the 
cuprous oxide pass through the blocking layer, thereby giving rise to 
the photoelectric current (so-called blocking-laijer jihotoelectric effect). 
On account of the relatively large currents produced (see Table XllI) 


Table XIII. —Sensitiveness op Photoelectric Cells 


Cell 

JPhotoelectric current in 10*'“ miipcrc per lux 

of incident light cneixy 


Without applied 
potential 

W’ith 100 voltH applied 

Potassium, vacuum type 

0-1 

3 

Potassium, gas-filled type 

01 

86 

Blocking-layer type 

500-5000 

i 


and the absence of initial inertia, this effect has become of great prac¬ 
tical importance. Types of cell in which the light has to penetrate 


* Up to a few volts. 
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through the cuprous oxide before reaching the blocking layer are 
known as back-wall cells.* Fig. 19 shows a different apparatus, the 


so-called front-wall cell,! which 
has a thin transparent film of 
copper deposited upon a more 
massive cuprous oxide layer. Here 
the u})per blocking layer is effec¬ 
tive, since the strong absorption 
in the oxide prevents the light 
from reaching the lower oxide- 
metal interface. 

Curves of the speetral distribution 
of sensitivity are sliown in fi^. 20. 
insteatl of cuprous oxitie, amorphous 
selenium is sometimes used as the 



Fifi:. 20,—Spectral distribution of sensitivity 
lor blocking-layer cells 


sensitive material. 


Continuous curve, cuprous oxide cell referred 


lakin^ the limit of eurnmt detect- touniformspectraldistribution of energy. Dotted 

able bv an electrometer as about “J 1 illuminaicd by tungsten arc 

- . . 1. , . . (not referred to uniform spectral energy distn- 

amperc, the minimum li^ht intensity bution). 

which can he detected by a photo-cell 

turns out as about 3 X 10~*® cakiries per sec. per sq. cm. Thus the sensitiveness 
e(pials that of the eye. Jiy the adoption of certain artific€\s (\>'orking near the 
conditions for spontaneous discharge) this sensitiveness may be increased about 
30 times, or even 10,000 times, if an arrangement similar to a Geiger counter J 
is ns(‘d (limit of detection about 2 X 10“^*^) cal. per sec. per cm.“*). 

Bloeking-lay(‘r photoelectric; cells enable light energy to be directly trans¬ 
formed into clc(;trical energy. The yield is too small for practical purposes, but 
with a good cuprous oxide cell of urea 50 .scp cm. it is possible to drive a toy electric 
motor by ordinary sunlight. 


3. The Photoelectric Effect in the X-ray Region 

As is shown by ilg. 7, p. Ill, tho intensity of the photoelectric 
effect increases as the wave-length is maiie shorter. It is still observed 
in the X-ray region (compare p. 54). 

Q 

a b 

Fig. 21.—Diagram of apparatus for invcstig.ating the velocities 
of photo-electrons by the magnetic deflection method 

♦ Ger. HinterwandzeJlen, f Gler. Vordertvandzelle, 

} The mode of action is like that of the Geiger counter (see Vol. Ill, p. 361), but 
the point is replaced by a stretched wire. 
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Velocity of the Photo-electrons. —The velocity of the photo-electrons 
liberated by X-rays is best investigated by the magnetic method (p. 44), 
which permits direct photographic recording of the velocity distri¬ 
bution. The cloud-chamber and the retarding potential methods are 
also applicable. 



Fig. 22.—Magnetic spectrum of photo-electrons from gold 
(Incident radiation mainly Mo Ka, A — 0 71 A.) 

[From Uandbuch der Phystk, Vol. XXIII, 2 (Springer. Berlin).] 


Photographic Recording by the Magnetic Method.—Eig. 21 shows tho print if lo 
of an apparatus fur this purj)osc. The X-rays are incident upon th(‘ material at 
the specimen being in the form of a narrow strip (see the smaller diagnim 2b0- 
The photo-eloetrons pass tltrongh a slit S and are brouglit down upon a f)ljot(). 
graphic plate by means of a magnetic field. A linear trace is obtained for (‘acli 
different velocity. The whole apparatus is in a vacuum. IW suitalle ailjusltjumt 
of the position of the })late it is possible to get a certain focussing effect, electrons 
of a given velocity but slightly (iilTcrent initial direction being concentrated again 
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Fig. 23.—I’hoto-electron tracks in argon, produced by monochromatic X-ray irradiation 
(Ag-K) (after Kirchner) 

[From Handbuch der Experimentalphysik, Vol. XXIV, i (Akademische Verlagsgesellschaft, Leipzig).] 


into one line on the plate. An example of a record is given in fig. 22. F(;r a clis" 
cussion of it, see below. 

Direct visual information is given by the cloud-chamb?r me tho: 1. 
Fig. 23 shows a photograph of the photoelectric efiect produced by 
monochromatic X-rays (A 0*56 A.) in argon. We see that the elec¬ 
trons nearly all have the same range and hence, by p. 42, the same 
initial velocity. This can be deduced directly from stereoscopic photo¬ 
graphs, The measurements prove that the equation 

eU = Av — j) 
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holds satisfactorily for the velocity of the photo-electrons liberated by 
X-rays from a solid or a gas. 

As regards the value of p, measurements have shown that it is 
equal to where is the frequency of the absorption edge of the 
characteristic radiation of the element in question (p. 78). If Vi is the 
frequency of the incident X-rays, we therefore have 

~ cU — - Avj- — hvf.. 

For cxarn})le, the following groups of electrons can be seen in fig. 22, p. 134: 

1. Av, - Au LIH. 4. - All Min. 

2 . /iv,. ~ Au M 1 . 5 . Av, - Au M IV -f V. 

3 . — Au Mil. 6. /iVj ~ Au N, 0 . 

Thus in these cases the photo(‘lectric phenomenon is to be regarded as the taking 

up by the atom concerned of a quantity of energy corresponding to the absorp- 


t ^ 

t 


Fig. 24 

Figs. 24, 25, 26.—C!oud-tr«ck photographs of the ordinary photoelectric 
emission and the characteristic emission of electrons in krypton under the 
inrtuence of X-rays of different frequencies. (Fig. 24, 14,000 volts; fjg. 25, 

20,000 volts; fig. 26, 2S,ooo volts.) 

tion edge of the K, L, or ]M series, the balance of the energy originally contained 
in the incident (juantum giving the photo-eleetron its kinetic energy (and negli¬ 
gible potential energy). 

Auger (192()) was, however, able to show that in certain circum¬ 
stances the initially-absorbed part of the energy may also reappear 
as the energy of a photo-electron. In such cases two electrons are 
expelled simultaneously from the same atom. One of these possesses 
a quite definite energy determined by the nature of the atom con¬ 
cerned and equal to the energy of an absorption edge. This energy is 
independent of the frequency of the incident X-rays, provided only 
that this is high enough to exceed that of an absorption edge of the 
atom—especially the K-edge. This kind of electron ejection on irradia¬ 
tion is called characteristic electron emission. On the other hand, the 
other electron simultaneously ejected merely has the excess energy 
(hvi — hvc). 





136 


LIGHT AND MATTER 


This is well brought out by figs. 24, 25, and 26, which show the photoelectric 
effect produced in krypton by X-rays of different frequencies (here expressed 
in terms of the exciting potential). In fig. 24 the incident radiation corresponds 
mainly to the K absorption edge of krypton (14,000 electron-volts). Hence 
practically the only electron emission is the characteristic emission (electron 



Fig. 25 


tracks about 2 cm. long). There is no energy left over for an ordinary photo- 
electron. In fig. 25 the X-rays are produced with a potential of 20,(X)0 volts, so 
that the excess of energy over that of tlie K-edge is now about 6000 electron-volts. 
In the middle of the figure we can see the additional track of a photo-ek’etron 
ejected with this energy. This track appears as a shorter con\panion to the 
characteristic electron track of the same length as in fig. 24. In fig. 26 the excess 
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energy of the incident quantum over the energy of the absorption edge is 14,000 
electron-volts. Both types of emitted electron now have the same energy. This 
is clearly evident from the equal lengths of the tracks in each pair. 

As regards the directional distribution of the photo-electrons, it 
has been found that (in accordance with the transverse nature of the 
electric vector of the incident waves) the emission is mainly at right 
angles to the direction of irradiation, with a certain preference for the 
forward direction (see fig. 27). 
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For further details about the recoil electrons, which predominate 
more and more as the incident wave-length is made shorter and which 
are emitted mainly in the direction of the incident radiation, see pp. 55 
and 237. 


B. Excitation of Light Emission by Collision 


4. Emission of Light due to Bombardment with Electrons 


The converse of the photoelectric effect is also known, namc^ly, 
the transference of the kinetic energy of an electron to an atom and 
the consequent emission of light by the latter. As has already been 
ex])lained on p. 49, no appreciable energy exchange occurs when 
electrons with velocities below a certain minimum collide with the 


atoms of gases which have low electron affinities 
(p. 53). Accordingly, no emission of light is observed 
ill those cases (see below); for by fundamental energy 
priiu'iples such an emission cannot occur unless that 
energy is transferred to the gas. The experiments 
referred to on p. 51 show that such a transference 
does actually take place at higher electron velocities, 
and then the gas is caused to emit light, as in the 
well-known glow of discharge tubes. 

It has been found that the spectral constitution 
of the emitted light varies with the amount of energy 
transferred. This follows in particular from obser- 



Fi?. 27. — Direc¬ 
tional distribution of 
photo-electrons from 
CHCI3 relative to 
direction of incident 
beam (after Bothe). 


vations of Lenard and Stark on the emission from flames and arcs as 


well as from discharges in gases. A further discussion of these results 
will follow later (p. 221). Both observers found a marked variation 
of the spectral constitution of the emitted light with the energy of 
excitation. Gehrke and Seeliger (1912) were the first to investigate 
more closely the emission of light due to excitation by electrons 
of (hffinitc velocities. They obtained the important result that no 
emission occurs below a certain electron velocity. This shows that 
in the excitation the deciding factor is the energy of each individual 
electron and that as a rule a deficiency in this inclividual energy cannot 
be compensated by the accumulated energies of larger numbers of 
electrons. This is the analogue of Lenard’s result for the photo¬ 
electric effect, namely, that the intensity of the light has no effect on 
the energy of the photo-electrons. Rau (1914) was further able to show 
that different electron velo(dties are necessary for the excitation of 
different spectrum lines in He—e.g. within a series (p. 182) the lines 
of shorter wave-length appear at higher electron velocities. The 
quantitative relationship was first established by Franck and Hertz 
in 1914. They found that at the minimum electron velocity (4*9 volts) 
at which energy is transferred to the atoms in mercuiy vapour, the 
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light emitted proves on spectral examination to be monochromatic 
(wave-length 2537 A., frequency 1-183 X 10^® sec.-^). In the experi¬ 
mental investigation it is necessary to exclude the possibility of mul¬ 
tiple collisions occurring to an appreciable extent, i.e. an atom which 
has already taken up energy from an electron must not be allowed to 
collide with another electron. This can be done by using the least 



possible concentration of gas and 
electrons. 

Fig. 28 shows the changes which 
occur in the emission spectrum of 
mercury as the electron energy 
is increased. We see that th's 
increase in energy causes the 
ap])earance of more and mor(* lines, 
‘some of longer wave-1 engtli and 
some of shorter wave-length than 
those already excited. 

The great significance of these 
experiments lies in the following re¬ 
markable relationshi]). The (‘iiergy 
of the ineid(‘nt eleetrem (1*9 volts) 
is found to be equal (within the 
limits of error) to hv, when' v is 


I’iiJ!:. aS. —Spectra showinjj that 
botnbarclin« electrons must possess 
a cejtain rnjniniurn energy in order 
to fxeitc lines. 

[From H. Hertz, Zeitschrift /. 
P/tysik, 10Z4.] 


the frequency of tiu' emitted 
spectrum lim- (2537 A.) aiul h is 
the constant (Plan(U<\s quantum 
of action 6*55 X 10~“’ erg see.). 
Thus we have 


eXJ - hv. 


In our particular case: 6-55 X 10“^^ (erg sec.) x 1-18 X 10^^ (s(‘(t.“^) 
= 7-75 X 10~^2 I .59 jq-io (coulomb) x 4-9 (volts) — 7-8 x 

10 -19 (watt-sec.) ~ 7-8 x ^rg. 

This relationship has been found to hold for a number of spectral 
lines, which (for a reason to be discussed later (p. 155)) are called 
resonance lines. An energy of at least eV -- hv is required to excite 
the emission of a spectral line of frequency v. 

As can be seen from fig. 28, however, it does not follow that every 
line of frequency v appears when the energy hv is transferred to the 
atom. This happens only for the resonance lines; for the remaining 
lines a greater energy is necessary. Thus, e.g., the new lines appearing 
in the right-hand spectrum of fig. 28 require an electron energy of over 
9 volts, although their hv values are actually much smaller than that 
of the resonance line of higher frequency which is excitoxl at 4-9 volts. 
This curious behaviour is of fundamental importance for our know- 
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ledge of the connexion between the energy changes of atoms accom¬ 
panying emission of light. The more detailed discussion which follows 
on p. 176 will bring out the simple relationships involved. 

Mention may be made here of a method, applied by Franc k and Einsporn, 
in whi(?h the appearance of new lines in the ultra-violet durin^» the excitation of 
mercury vapour by electrons is detected by means of the photoelectric effect 
produced in an auxiliary iron electrode. As the elec^tron velocity is gradually 
increas(Hl, sudden discontinuities occur in this photoelec^tric effect. These are 
du(^ to sudden increases of photoelectric current resulting from increases in the 
ultra-violet intensity (in g(‘neral caused by the appearances of new emission lines 
of mercMiry (see fig. 30, p. 52)). It has been found that the potentials at which these 
new lines appear bear a close relationship to the energy states of the mercury 
atom. 

The Excitation Function. —The number of collisions of an electron 
with a gas molecule under given conditions can be calculated from the 
kiiKdh? theory. Hence, by measur¬ 
ing tlie electron current and the 
amount of light produced, it is 
possible to evaluate the fraction of 
the (collisions which are fruitful in 
exciting emission. Measurements 
of this kind carried out by Hanle 
and S(mAFFEKNT(mT give the result 
that only a few per cent of tlu' 
calculated gas - kinetic collisions 
actually lead to emission. The 
yield varies very mucdi with the 
velocity of the electrons used. The 
form of the function (the so-called excitation function) is as shown 
in fig. 29. 



Fig. 2Q.—Excitation functions for two 
mercury lines (after Schatternichl) 


C. Temperature Radiation 

5. Radiation Equilibrium 

The emission of light may occur as a consequence, not only of the 
impact of electrons, but also of collisions with other atoms or mole¬ 
cules. This is shown very (dearly by the glow of the rapidly flying 
atoms in canal or positive rays (Vol. HI, p. 340), and especially by 
the emission of light from bodies at high temperatures. In the latter 
case the statistical distribution of the atomic or molecular energies 
(Vol. II, p. 40) gives rise to special regularities, which have proved to 
have a decisive bearing on the theory of light emission. We shall 
therefore proceed to discuss them in greater detail. 

GoefOicients of Reflection, Absorption, and Transmission. —When 
radiant energy falls on a body, it is in general divided up into three 
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parts: one part is reflected at the surface of the body, the second 
penetrates into the interior of the body and is absorbed there, while 
the third is transmitted by the body. If we call these three parts re¬ 
spectively R, A, and T and take the total incident energy as unity, 
we must have 

R + A + T = 1. 

R is called the coefficient of reflection, A the coefficient of absorp¬ 
tion, and T the coeflicieiit of transmission of the body. The actual 
values depend on the substance in question and the physical condition 
of the surface, as well as upon the wave-length of the incident radiation. 

For polished metals the coefficieM of reflection is in general very l)igh. 'I'lnis, 
e.g., it may be as high as 0*98 for polished silver mirrors, i.c. 98 per cent of the 
total incident energy may under certain circumstances be reflected back. The 
eoelficient of transmission of metals is very lo\v: metals, even in j-elatively thin 
layers, are practically opaque to all wave-lengths. Bodies which are transpan'iit 
in the usual sense of the word have a high coefficient of trayisviusioii for the visible 
region of the spectrum. They may, however, be quite opaque to certain non- 
visible regions. For example, many kinds of glass in layers of 1 cm. thickness let 
through up to 70 per cent of all normally incident radiant energy of visible wave¬ 
lengths, but are almost entirely opaque for the ultra-violet and the infra-red. 
The coefficient of ahsc/rption in the visible region is high for all dark-coloured 
bodies. Thus oven a very thin layer of lamp-black absorbs practically the v hole 
of the visible light incident upon it. 

We can imagine a body which absorbs the tvhole of the radiant 
energy falling upon it, reflecting none and transmitting none. 8uch 
a body would necessarily appear blacl\ both by reflexion and by trans¬ 
mission. Such a body, which absorbs all the radiant energy which 
falls on it, may be referred to as a perfectly-black body. 

The absorption of radiation means that the energy incident upon 
the body in question is transformed into internal heat energy. This 
must cause a rise in the temperature of the absorbing body, which 
may be used to measure the quantity of energy absorbed. 

By taking as black an absorbing body as possible, the quantity of 
incident energy can be measured in this way. A blackened thermo¬ 
meter or a suitable thermo-element may be used. 

Radiation Equilibrium. —If the temperature of a body exceeds that 
of its surroundings, a process of temperature equalization sets in 
spontaneously. When the body is surrounded by material substances, 
the processes of convection (motion of large quantities of matter) and 
conduction (transmission of energy from molecule to molecule) play 
important parts. The process of temperature equalization persists, 
however, even when the body is placed in a perfect vacuum and is 
supported in such a way that conduction is negligible. The rate of 
equalization of temperature depends, other things being equal, upon 
the size of the body and the nature of its surface (see p. 151, also 
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Vol. II, p. 179). The transference of energy is brought about by electro¬ 
magnetic waves. These usually have a relatively long wave-length; 
only when the temperature is very high do they extend into the visible 
region. Such an equalization of temperature is said to take place by 

heat radiation. 

Let us imagine that the radiating body, which for the sake of sim¬ 
plicity we take to be splierical and homogeneous, is enclosed in an 
evacuated space bounded on all sides by a shell made of a substance 
opaque to the radiation. Then the electromagnetic waves })assing out 
from the body must strike the shell and give up their energy to it 
either wholly or partially, i.e. the shell is heated up. At the same time 
the sluill radiates its heat into the interior in the form of electromagnetic 
waves, some of which fall on the body. After a certain time has elapsed 
the body will have attained the same temperature as the sliell, and 
from that point onwards the quantity of energy radiated (emitted) 
by the body in unit time will remain equal to the quantity received and 
taken up (absorbed) by it in unit time from the shell. 

No matter what the material of the body or the pliysical state of 
its surface, the temperature equilibrium is determined by the fact that 
the quantity of radiant energy emitted by the body in unit time is 
equal to th() amount absorbed by it in unit time. Thus temperature 
equilibrium is to be regarded not as a static condition, but as one 
involving a dynamic exchange of energy between the body and its 
surroundings.* 

If the body in the enclosure is perfectly-black in the sense defined 
above, it will absorb the whole of the radiant energy incident upon it 
and will transform this radiant energy into thermal energy of its 
own atoms and molecnles. If we take the total quantity of incident 
radiation as unity, we see that the coellicients of refl(.‘ction R and 
transmission T are zero, while the coelficient of absorption A is unity. 

The quantity of radiant energy emitted by the body per unit time 
(its intensity of emission) depends on its temperature. It is also different 
for different wave-length regions. Hence the quantity of energy 
absorbed per unit of time must also depend on the same factors; for 
in the case under discussion it is equal to the quantity emitted in unit 
time. 

Let us now imagine the perfectly-black body replaced by some 
other body, e.g. a sphere with a coloured surface. This new body 
absorbs only a definite fraction of the energy incident upon it. Suppose 
that its coefficient of absorption is a, where a < 1. Then since this 
body also assumes a constant temperature when placed in the en¬ 
closure, it follows that at equilibrium the quantities of energy emitted 
and absorbed in a given time must again be equal. This must be true 

* This view was first put fom^ard by 0. Pbbjvost (1787-1855), a French geologist. 
It is often referred to as Prevost’s theory of exchanges. 
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for every wave-length, i.e. in radiation equilibrium a body emits pre¬ 
cisely the same radiation as it absorbs. 

This is only true on the assumption that the whole of the energy absorbed by 
the body is transformed into kinetic vibrational energy of its moleeules, i.e. 
into thermal energy, and that the source of the radiation (‘mitted by the body 
is this inherent thermal energy of its molecules. Radiation for whic^h this is the 
case will be referred to in future as temperature radiation. If any part of the 
absorbed energy is transformed into some other form of energy, or if th(' omitted 
radiation has its source in some form other than heat (e.g. if chemical energy 
plays a part in either process), then the above considerations are no longer valid. 

6. Kirchhoff’s Law of Emission and Absorption 

Consider a perfectly-black body at the eentre of an evacuated 
enclosure bounded by perfectly-black walls. Let heat energy b(» siij)- 
plied continuously to the body and removed continuously from the 
walls of the enclosure, so that in spite of their mutual exchange of 
energy by radiation their respective temperatures T and rcmiain 
constant. We may imagine, for example, that there is a spiral of })lati- 
num wire heated by an electric current in the interior of the body, 
while the whole enclosure is surrounded by a water-bath at constant 
temperature. 

The temperature T of the body at the centre of the enclosure being 
higher than T(), that of the walls, the quantity of energy radiated by 
the body and absorbed by the walls of the enclosures must be greater 
than that radiated from the walls and absorbed by the body in the 
same time. Let EdX be the quantity of energy emitted by the body in 
unit time in the wave-length region between A and A -f dX and A its 
coefficient of absorption. Then E/A ~ F is a function of A, the wave¬ 
length emitted, and the temperatures T and T^. We may accordingly 
write 

|=^F(A. T,To). 

In the case of a perfectly-black body the whole of the incident radiation 
is absorbed; thus we have A — 1, and the equation takes the simpler 
form 

E - F(A, T, To). 

We may simplify it still further by supposing the temperature of the 
walls of the enclosure to be the absolute zero. Then 

E - F(A, T). 

We now imagine the black body replaced by some other body 
which absorbs only a fraction of the radiant energy incident upon it. 
Every1;hing else we leave as before, arranging that the temperature 
of the body is maintained at T and that of the container at the absolute 
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zero. If e is the quantity of energy emitted per unit of time, and a 
the coefficient of absorption, we have 

l-m T). 

u 

Similarly, for any other body we have 
^ =/i(A, T). 

Kirchhoff showed theoretically in 1859 and 1802 that the func¬ 
tions / and /i must be identical with one another, and hence also 
identical with F for the perfectly-black body. 

This is Kirchhoff’s law of the emission and absorption of tem¬ 
perature radiation: 





In words: The ratio of the amount of energy radiated per unit of time tc 
the fraction of the incident energy absorbed is the same function of the wave- 
length and the absolute temperature for all bodies, and is equal to the amount 
of energy radiated in unit time by a perfectly-black body under the same 
conditions. 

KiiU’iiUOFF's law (lo])onds on the second fundamental law of tliermodynamics. 
It may be (easily provcnl in a particular case. Imagine two plates, made of sub¬ 
stances with respective* intensities of emission e an(l (as above) and eoeffieients 
of absorption a and W|, so placed that all the radiation sent out by the (me j)Jatc 
is incident upon the other. If the temperature is initially the same for both, 
then by tlie second law of thermodynamics this equality of tempemturo must 
pe rsist; neith(*r plate can beeu^me heated up at the expense of the otlan. Now' 
in unit time the first plate radiates a quantity e of emTgy to the second, which 
a))sorbs the fraction a^e and reflects back the rest c(l — rt^). 'riiis refl('cted part 
again falls on the first plate, Avhich absorbs the fraction c(l —• orj)a and reflects 
the residue c(l *— ai)(l — a). This last part again falls on the second plate, and 
the processes of partial reflc'ction and partial absorption are repeated. The total 
quantity of energy radiated from the first plate to the second and absorbed by 
the secemd in these processes is therefore 

ea, + Wj(l-a,)(l-a) + ecri(l -ai)*(l —a)2+ .. .= - TT-^hr ,— 

Again, the second plate radiates the quantity of energy to the first, which simi¬ 
larly absorbs the quantity 

e^a 

r=Tl- a,)(l - a]: 

The quantity reflected by the first plate is therefore 

g _ _. 

1 1 - (1 - a,)(i - a)* 

and this must bo the quantity of its own radiation which is absorbed by the 
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second plate in the backward and forward reflection process. The total amount 
absorbed by the second plate is therefore 

_^_I g ___ 

i - (i - «)(i - ai) * 1 - (1 - rr)(l - a,)' 

Now in order that the temperature of the plate may remain constant, the quanti¬ 
ties of energy absorbed and emitted must be equal. Therefore 

ea^ _ e^a > ^ ^ 

riiTTr iTr-(r— 

w^hence 

er/j — e^a 

or e _ Cl 

a a/ 

Deductions. —We transform the above equation by writing 
e{\ T) - a{\. T)E(A, T). 

Since fl(A, T) is certainly less than unity, it follows that: 

The intensity of emission from a perfectly-black body is greater than 
that from any other body. 

Hence if we determine the values of E for any body and plot them 
against the wave-length, the curve obtained must lie entirely within 
the corresponding curve for a perfectly-black body. 

Again, we may write the equation in th(^ transposed form 

a(A, T) - c(A, T)/E{A, T). 

If we confine our attention to one particular wave-length, this reduces 
to 

«(T) = <>(T)/E(T), 

from which it follovrs that to every finite value of a which is not zero 
there must correspond a finite value of e which is not zero. The case 
E = 0 is excluded, because the intensity of emission of a perfectly- 
black body is always greater than that of any other body; and the 
case E — 00 is also excluded, because with a finite supply of heat the 
rate of emission can never become infinite. We therefore make the 
following deduction: 

In pure temperature radiation every body absorbs those wave-lengths 
which it emits at the temperature in question. 

1 . The Law of Black-body Radiation 

Even the simplest observations (say upon an incandescent lamp lit 
by different currents) show that with increase of temperature there is 
an increase in the rate of emission of radiation and at the same time 
a change of colour in the direction of less redness or greater blueness. 
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A great deal of effort has been expended, both from the experimental 
and the theoretical side, in formulating the laws underlying these 
changes. It may be remarked in advance that these laws only apply 
to radiation into a vacuum. If the radiator is surrounded by a medium 
of refractive index n, it is necessary (as Kirchhoff has shown) to 
introduce the factor n^. 

The Stefan-Boltzmann Law.— Stefan was the first to succeed in 
formulating a law (1878). This was later (1884) deduced theoretically 
by Boltzmann f and recognized as applicable to perfectly-black bodies 
only. The Stefan-Boltzmann law is as follows: 

The total rate of radiation from a perfectly-black body is proportional 
to the fourth power of the absohde temperature. Thus at the absolute 
tem})erature T each unit of area of the surface of a perfectly-black 
body radiates towards one side (into a solid angle of 277) in each 
second the total energy S, which is given by the equation 

S -- 

where <t is a constant. 

The accurate observations of Lummer and Pringsheim (1897) and Kurlbattm 
(1898) showed that this law is actually in comphd^e agreement with the best 
experimental data for a pcrfectlv-black body. With a possible error of a few 
per cent, o — 5‘77 X 10~*'’ erg cm."^ sec.“^ degree”^ — 5*77 X 10” watt cm.~* 
dcgrt'c^^ — 1-378 >: 10" cal. cin.-^ see."“^ degree"*. 

Realization of the Perfectly-black Body. —We consider a space 
entirely bounded by walls which are all at the same temperature and 
all impervious to radiation. Kirchhoff pointed 
out that every beam of radiation within such a 
hollow enclosure must be identical with that 
which would be emitted by a perfectly-black 
body at the same toni})erature. Thus the 
radiation of the enclosure is independent of 
the njiture and shape of the bodies bounding 
it and is determiiK^l solely by the temperature. 

Hence the radiation of an id(*al black body can 
be imitated to any desired degree of ap])roxi- 
mation by utilizing a constant-temperature enclosure with a small 
hole through which a beam of radiation can emerge. 

Fig. 30 represents such an enclosure, which may bo made, c.g., of metal coated 
inside with some good absorbing material such as Jamp-blaek, platinum black, or 
the like. The small aperture is at O. We now consider a beam of radiation from 
outside which passes in through this aperture. It falls on the inner side of the 
wall at A and is there to a large extent absorbed. A certain fraction, however, 

* J. Stefan (18.35-1893), Professor of Physics at Vienna. 

t Ludwig Boltzmann (1844-1906), one of the founders of the kinetic theory of 
gases. He was a professor of theoretical physics, notably at Vienna. 

(e 957) 
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is reflected and strikes the inner side of the wall again. Here a further large 
fraction is absorbed, but some is again reflected, only to strike the inner side of 
the wall farther on. Thus the beam is many times reflected before jiny fraction 
of it can roach the opening again; and by then this fraction is so small as to be 
ne^gligible. Thus the enclosure acts as a perfect absorber, i.e, as a perfoetly-black 
body. 

The (lifTerc'iice between the blackness of such a chamber and the ordinary 
blachness of a blackened surface can be well seen by painting a cigar box inside 
and out with black paint and then making a hole in the sitle of the otherwise 
completely closed box. The hole looks much blacker than the outer surface. 



Fig. 31.—Radiation isothermals for a pcrfectly-black body 


In order to realize a perfectly-black body Lummer and Pringsheim used 
double-walled vessels, keeping the space betw'een the walls at constant temperature 
by filling it with steam, ice, liquid air, or some other substance. For higher tem¬ 
peratures they used an intern a lly-blaekened porcelain tube heated in an cletitric 
furnace, or alternatively a tube made of carbon which could be heated directly 
up to 2300“ C. by passing an electric current through its walls. In all their 
experiments they found the Stefan-Boltzmann law to be in complete agree¬ 
ment with observation. 

In all radiation measurements it must be remembered that the receiver is 
emitting radiation as well as the original radiator. Hence the temperature of the 
receiver must also be knowm and the corresponding radiation subtracteci from 
that which is to be measured. For example, if the original radiator has the 
absolute temperature T and the receiver has the absolute temperature T', then 
in applying the Stefan-Boltzmann law we must write 

S== a(T^~- T'*). 
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Results of Investigations on Perfectly-black Bodies. —There are 
tAvo ways in which we may investigate the relationship between tem¬ 
perature and intensity of emission over the wave-length region from 
A to (A + f7A). The first is to keep the temperature of the radiator 
constant and to determine the value of E for each wave-length in 
turn. This gives the so-called radiation isothermal -ave figs. 31 and 32 
—lor the temx)eraturo in question. Alternatively we may confine our 
attention to one wave-length and make a series of 
measurements for diflerent temperatures. This gives 
a so-called isorhromatic curve —see fig. 33. 

The area included b(‘neath any ])articular iso¬ 
thermal of fig. 31 represents the total intensity of 
(‘mission S. We see that this increases very rapidly 
with rise of ternjxTature, in accordance with the 
Stefan-Boltzmann law. We see further that the 
maximum is displac(‘d towards shorter wave-lengths 
with rise of tem})erature. 
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Fig. 32.—Radiation isothermals for 
incandescent platinum 


Fig. 33- 


■Isochromatic curves for a perfectly- 
black body 


The theoretical exj3lanation of the relationships expn^ssed in fi". 31 prc'scnted 
very great difiicidtios, the origin of which is now known to lie in the inapplica¬ 
bility of so-called classical (‘lectrodynamics (i.e. the tlict^ry of Fakaday and 
Maxwell, wdiich holds for macroscopic fields) to tlie processes of emission and 
absorption of light, bYom the historical point of view' it is (jf great intere.st to 
note that it w^as Plan(Ui’s theoretical treatment of blaek-body radiation (1900) 
which led to the discovery of a quantitative theory of the special phenomena 
which arise in the interaction of matter and radiation. 


Wien’s Displacement Law.—In 1893 W. Wien ♦ succeeded in 

* Wilhelm Wien (1864-1928), professor at Wiirzburg and (from 1920 onwards) at 
Munich, received the Nobel Prize in 1911. 
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obtaining an important partial solution of the problem on the basis 
of classical theory. He deduced that the loave-length of yymximimi 
intensity of emission Fj of a black body is inversely pro'portional to the 
absolute temperature. 

We may write this 

^max T = constant = 0*2884 cm. degree 
~ 2884 /lc degree. 

Thus, as is shown in fi". 31, the maximum is displaced in tlic direction of 
shorter wave-length with rise of temperature. It first comes into the visibh' region 
at about 3800"^ abs,, for which == 

The intensity of emission at the maximum can be obtained by 
combining the Stefan-Boltzmann law with Wien’s displacement 
law. This gives 

Emax ~ constant X T^ 

= 2*08 X 10“^T^ erg cm.''^ sec.'^ 

= 0*497 X 10-12T^ cal. cm.-^ sec.^i. 

Thus whereas the total intensity of emission S increases with the 
fourth power of the temperature, the intensity E^ax maximum 

of the isothermal curve increases with the fiftli power of the tempiua- 
ture. There is also a simultaneous shift of the maximum towards 
shorter wave-lengths. 

Planck’s Radiation Law, —In 1900 Planck found tlie following 
analytical expression for the quantity of energy F^dX radiated per 
second from unit area of the surface of a black body (i.e. into the solid 
angle 27r): 

X-*'* 

Ex^X Cj ~ - 

^C2/A1 — ] 

Here Fi^dX is that part of the total radiation which correspoijds to 
wave-lengths between A and A + dX, The constant has the value 
5*88 X 10“® erg cm.^ sec.“^ — 0*140 X 10“^2 ^al. cm.^ sec."^ for plane 
polarized light. For ordinary light (the case usually observed) the value 
is twice as great. The value of Cg is 1*43 cm. degree. 

Both the Stefan-Boltzmann law and the Wien displacement law 
can be derived immediately from Planck’s expression, the former by 
integration (S = jF^^dX) and the latter from the condition that E;^ 
shall be a maximum. 

The term — 1 in the denominator of Planck’s formula can be neglected when 
XT is small (in the visible region up to about 3000°). The equation thus obtained 
had previously been deduced by Wien on the classical theory. It is, as w^c see, 
a limiting case of Planck’s equation, which covers all cases. The simplified 
equation may also be written in the form loggE^ = a — (6/T). Fig. 34 show s a 
graph of results obtained by Ltjmmer. The linear relationship betw een logE and 
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the reciprocal of T, required by the theory, is satisfactorily fulfilled. Such lines 
arc called logarithmic isochromatic curves. 

The theoretical derivation of Planck’s radiation formula shows that the 
constants Cj and boar simple relationships to other natural constants. The 
train of thought underlying the proof is somewhat as follows. According to 
classical views, the emission of an electromagnetic wave is due to the non-uniform 
motion of (deetric charges (Vol. Ill, p. (522). If we take the simplest case of one 
pf)sitive charge and one negative charge (forming a dipole (Vol. Ill, p. 99)), an 
oscillation of these charges relative to one another will give rise to the emission 
of an electromagnetic wave of the same frequency. Now atoms may be regarded 
as systems capable of performing such oscillations—so-called oscillators; for in 
consi‘(pience of their masses and the electrical forces holding them together they 
have a ccTtain natural freupumey associated with them. The amplitude and 
frequemry of the oscillations, however, are functions of the temperature. If wc 
confine our attention to pure tem- 
])(Tature radiation (i.e. if we exclude 
all other sources of energy), the wlK)le 
of the energy emitted by the atomic 
oscillators must be (l(Tiv(‘d from their 
thermal motions. Similarly, all the 
rn liation they absorb is eventually 
transformed into tlu'rmal energy. 

Sinc(^ the oscillators are able to 
transform radiation into heat and 
vice versa, a certain state of equi¬ 
librium will be attained when radiation 
and matter arc allowed to interact. 

Radiation in e(|uilibrium with any 
perfectly-black body is called black- 
body radiation. In such radiation the 
energy is distributed in quite a delinite 
way throughout the spectrum, or (in 
other words) amfuigst the different 
frequencies v. For the radiation of 
frequency Vj is in equilibrium with 
oscillators of frequenej^ vp these in 
turn are in equilibrium with other oscillators of frecpiency Vo thn)ugh tht> electric 
fiedds in the interior of the matter, and these finally are in equilibrium with radi¬ 
ation of frequency v.^. Hence there must be a perfectly definite equilibrium 
between the radiations of frequencies Vj and Vg. 

According to the theorem of the equipartition of energy which we have pre¬ 
viously mentioned in Vol. II, p. 40 and repeatedly used, the thermal energy 
(in thermod^mamical equilibrium) must be equally distributed among all the 
mutually-independent parameters of state of which the energy is a quadratic 
function. The frequencies of the oscillators and the radiation are obviously 
parameters of this de^scription (Vol. II, p. 44); for two oscillations of different 
frequencies are quite independent of one another and the radiation of the one 
frequency cannot be directly transformed into radiation of the other frequency. 
Radiation of one particular frequency interacts only with oscillators of the same 
frequency. Hence according to the theorem of the equipartition of energy we 
should expect the mean energy of each oscillator to be the same, and also the 
mean energy of each “ individual radiation ” present in the black-body radiation 
to be the same. Of course this assumes that we have solved the problem of how 
a definite number of parameters are to be ascribed to the radiation as a number 
of oscillators are ascribed to the btidy. An energy distribution of the above kind 


log E 



Fig. 34,—Logarithmic isochromatic curves for 
the visible region 
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is the inevitable deduction from the Maxwbll-Boltzmann theorem of “ classical ” 
thermodynamics. Now there can bo no doubt that in actual fact this theorem 
is inapplicable. For the number of oscillators of independent frequencies in a 
perfectly-black body, like the number of the frequencies themselves, has no upper 
limit. Again, the number of different “ individual radiations ” is unlimited. A 
given quantity of energy cannot be equally distributed in a finite manner among 
this infinite array of different “ individual radiations ” and their parameters. 
If the theorem of equipartition of energy were actually valid without restriction 
for oscillatory process(»s in nature, then it can be shown that at thermodynamical 
equilibrium all thermal energy would necessarily b(j transformed into radiation 
energy, or that if thermodynamical equilibrium were established between the 
diffen^nt “ individual radiations ”, all the energy would pass over to the greatest 
frequencies, i.e. be absorbed into th(i extremis ultra-vicdet. In any spectrum, 
therefore, we should expect to find most of the energy at the extremt^ short-w ave 
end. All this, however, is contrary to experience. The “ classical ” theorem of the 
equipartition of energy cannot therefore hold without restriction for oscillatory 
processes; in fact, restrictions must be made in the case of high frequenci(‘S. 

M. Planck showed that agreement with exptjrinient is obtained 
if the following assumption is made: the energy of an oscillator must 
be an integral nrultiple of the quantity hv, where v is the frequency and h 
a universal constant equal to 6-547 X 10'^^ erg sec. According to this 
assumption, the energy of the oscillators is not continuously distri¬ 
butable, but only in certain minimum quanta of energy. This is 
analogous to the fact that the mass of matter is not continuous in 
character, but consists of minimum quanta of mass - the atoms.* 

The content of the above quantum hypothesis seems to represent a funda¬ 
mental property of atoms, due to the nature of the interaction between nucleus 
and extra-nuclear electrons. It contradicts the fundamental concepts of “ clas¬ 
sical ” physics which had proved so successful in explaining phenomena involving 
bodies of macroscopic size. Thus the energy of ordinary acoustic oscillators (or 
any macroscopic oscillators) is for all practicjal purposes continuously distri- 
butai}le. We can see at once, however, the extent of the restriction imposed by 
Planck’s quantum hypothesis upon the theorem of equipartition of energy. 
Since the value of h is so extremely small, the product must also be small. 
The quantum hypothesis states that the energy of an oscillator cannot change 
by an amount less than 4v. Now if v is sufficiently small, the value of /iv will 
be so extremely small that the energy changes will still be practically continuous 
in character, as is required in classical physics. The hypothesis therefore does 
not appreciably affect oscillators of low frequency. But as w^e pass to greater 
and greater frequencies, the value of hv will increase progressively, until even¬ 
tually it is actually greater than the mean thermal energy of a gas molecule or 
of an oscillator at the temperature in question. Under these conditions an oscil¬ 
lator of such a frequency will only be able to take up energy from another mole¬ 
cule in those comparatively rare cases where the energy of the molecule happens 
to exceed the value Av. Thus the higher the value of v, the less will the oscillator 
contribute to the radiation; and from a certain frequency upwards no radiation 
will be observable. Rise of temperature (i.e. increase of the mean energy of the 

♦It is interesting to note that Boltzmann had previously ( 1877 ) considered this 
possibility. Ho writes: “ Let each molecule be capable of taking up only a finite 
number of kinetic energy values {lebendige Krdftc). For further simplicity let us assume 
that these kinetic energy values which can be taken up by each molecule form an 
arithmetical progression, e.g. 0, c, 2e, 3€, . .., pe.” 
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colliding molccxiles) must displace the radiation spectrum towards higher fre¬ 
quencies, as is actually observed. 

The assumption that an oscillator can only possess integral multiples of a 
certain energy quantum (from which we deduce, for example, that a certain 
minimum energy is necessary to excite the oscillator) has proved extremely 
fruitful. The modifications required in certain circumstances will be dealt with 
later. Special importance attaches to the (juantum hypothesis in connexion with 
the new views on the interaction of matter and radiation to which it gave rise. 
Since the energy of the oscillators can only change by whole quanta, the radiant 
energy may also be regarded as made up of these units, i.e. as localized in discrete 
light qurmta. 'fhis one theory has proved capable of providing simple and satis¬ 
factory explanations of a number of previously inexplicable phenom(‘na, such 
as the photoelectricj effect, the excitation of light emission from atoms by bom- 
bardnumt with electrons, and the short-xvave limit of white X-rays (sec above, 
p. 53). 


F’roin what has been said above it will be clear that the constants 
in Planck’s radiation equation (]). 148) must be expressible in terms 
of the universal constants h ~ (>-547 X 10 erg sec. (known as Planck’s 
quantum of action, since erg sec. is the unit of action—see Vol. I, p. 91), 
c —- II X 10^‘‘ cm, sec."^ (the velocity of light, which comes in because 
the radiation is electromagnetic in character), and finally k —1*157 X 10“^® 
erg degree"^ (Boltzmann’s constant, which is characteristic of the 
thermal motion of matter -see Vol. IL p. 00). Actually it can be shown 
that Cl -- c% and — ch/k. Hence it follows that a “ 277^^4/(ISc^/i^). 
Th(i values calculated from the theoiy are in good agreement with 
experiment. 

The (?xperim€*nta1 measurement of a and of the constants of Wien’s displace¬ 
ment law provides two equations from which h and k can be determined. Since 
further k~ K/n (Vol. 11, pp. 40, 41), a value of Avogadro’s constant can bo 
obtained from measurements of temperature radiation, i.e. by a purely optical 
method. The calculation, first made by Planck in 1901, gives a value in good 
agreement with the results obtained by quite different methods (see Vol. II, p. 00). 

8. Non-black Bodies. Temperature Measurement and 
Light Sources 

Behaviour of Non-black Bodies. —^All the actual substances available 
to us have absorption coefficients a less than unity. If the absorption 
coefficient is the same for all wave-lengths, the body is called a grey 
radiator (arc-lamp carbon, carbon filament, a/^0-7). If 

a varies with the wave-length, the body is said to show selective 
radiation. This is accordingly characterized by the fact that the body 
absorbs less (and consequently emits less) than a perfectly-black body, 
at least over certain regions of wave-length. For an example see 
fig. 35. 

In order that a grey or selective radiator of temperature T may 
give the same total intensity of emission S as a perfectly-black body 
of temperature it follows that T must be greater than T*,. We 
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may call the black-body temperature of the actual radiator. With 
platinum at the melting-point, for instance, the difference T — 
is 210°. The black-body temperature of the crater of a carbon arc is 
3500°, whereas the true temperature is about 4000°. For practical 
purposes it is the curve of sensitiveness of the eye which is the decisive 
factor in judging radiation (see Vol. IV, p. 31). We may give the name 
colour temperature to that temperature which a perfectlr-black body 
would have to possess in order to appear to the normal eye the same colour 
as the radiator in question. For grey radiators the colour tempera¬ 
ture is the same as the true temperature; it is only the surface in¬ 
tensity which is less than for a black body. One result of the spectral 
distribution of sensitiveness of the human eye is that the observed 
brightness of an emitter increases very rapidly with rise of tempera¬ 
ture from the point at which the glow first becomes visible (for a com- 
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Fig. 35.—Spectral distribution of the radiation from a Welsbach mantle (r) and 
that from a perfectly-black body {d) at the same temperature 

[From Gehlhoff, Lehrbuch der technischen Physik, Vol. II (Barth, Leipzig).] 



pletely-rested eye about 400° C.—the so-called grey glow; fe(‘ble red 
glow, about 630° C.). Thus Lummer and Prinosheim found that the 
brightness, as judged by the eye, increased in proportion to the thirtieth 
power of the absolute temperature in the region of red heat and to 
the twelfth power even in the region of white heat. 

Pyrometry.* —Because of these marked changes of brightness the tempera¬ 
ture of a glowing body can be measured very accurately by photometric methods. 
Instruments used for this purpose are called optical pyrometers. 

The action of the much-used pyrometer of Holborn and Kitrlbaum, for 
example, is as follows. The surface under investigation is viewed through an 
electric lamp bulb and the current passing through the lamp is adjusted until the 
filament is observed to disappear, oM'ing to its brightness becoming just equal to 
that which is to be measured. The lamp is calibrated against a black body at 
known temperatures obtained by using suitable substances of known melting- 
points. If the brightness to be measured is too great, it is first weakened by the 
interposition of suitable absorbing glass screens or filters. Optical pyrometers 
calibrated as above give black-body temperatures directly. 

Sources of Light.—Most of the sources of light in common use to-day are 
temperature radiators. In candle and paraffin-oil flames the glowing bodies 
are the solid carbon particles derived from the burning gases; in incandescent 


♦ Gr. pyr, fire. 
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lamps the glowing part is the metal filament, in arc lamps (with pure carbons) 
mainly the positive crater (see Vol. Ill, p. 352). In the last-mentioned case, 
however, electri(;ally-excitecl emission of the gases in the arc also occurs, s(j that 
such sources (especially arcs using cored carbons containing volatile salts) cannot 
be regarded as pure temperature radiators. As was shown in V^oJ. IV, fig. 20, 
p. 31, the amount of energy in the visible region is only a small fraction of the 
total electromagnetic energy emitted (comparer fig. 32, p. 147). For practical 
purpose's, too, the spectral curve of sensitiveness of the eye is of great importance. 
Owing to the form of this curve (Vol. IV, fig. 19, p. 31), a definite quantity of 
energy in the green-yellow region of the spectrum produces a more intense sen¬ 
sation than the same quantity in the red or blue regions. As we see from fig. 31, 
j). 14(), the fraction of the total radiation lying in the visible ri'gion increase's with 
rise of tcunperature, the visually-estimated intensity increasing (as we mentioned 
abov(') })roportionalIy to the twelfth power of T. This explains why attempts 
are made to increase the temperature of light sources as far as possible. The 
historical development of electric lighting has been based on this (see Vol. Ill, 
p. 258). 

Tlu'oretically an optimum point would be reached as th(i temperature was 
progressively raised. This -would occur when, in acctwdance with Wjkn's dis¬ 
placement law, the maximum intensity of emission had been brought to (coincide 
with th(^ spectral region to whi(di the eye is most sensitive. For a pcrfectl>'-black 
body tliis optimum temp(Tature lic's at about (>000-7000° abs., the (jorresponding 
emission being 81 lumens per watt (see Vol. IV, p. 22). If thc^ fompt'ratun' is 
raised still further, the fraction of the emitted radiation which is useful for visual 
purposes falls off again, more and more energy' pjissing over into the shorter- 
wave (ultra-violet) regions of the spectrum. Table XIV gives the optical and 

Table XIV 


Temperature, 

Efficiency j 

l>ep. .Misolute 

Optical ( ) 

\ isui! ( ) 

1,900 

3*33 X 10-« 

2*43 X 10-5 

2,900 

1(4) 

2-4(i X 10-* 

j 3.900 

9*30 

311 

4.900 

22*8 

8*11 

5,500 

36*0 

130 

6,000 

38*9 

13*9 

7.000 

39*0 

13*8 

8,0(K) 

38-2 

13*1 

10,000 

31*0 

10-6 


visual efficiencies of the total emission of a black body at different temperatures. 
By optical efficiency we mean the percentage of the total energy emitted which 
lies in the visible region (4-1-7*2 X cm.), and by visual efficiency the per¬ 

centage obtained by multiplying the optical efficiency at the wave-length in 
question by a factor which is a measure of the sensitiveness of the eye in that 
region. Thus monochromatic radiation with the wave-length corresponding to 
the maximum sensitiveness of the eye (X = 555wg.) would have a visual efficienc}^ 
of 100 per cent. The corresponding emissi( n is 697 lumens per watt. 

We see that even in the most favourable case of an ideal temperature radiator 
(i.e. a perfectly-black body) at the optimum temperature of 6000-7000° abs. 
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only about 14 per cent of the theoretical energy can be utilized. In actual practice, 
however, the limit is less than 5 per cent. 

The visual efficiency can be improved slightly by using selective radiators. 
Naturally we choose those which, although they emit a smaller total amount of 
energy at any given temperature than a black body, have a specially high emis¬ 
sion in the visible region of the spectrum (fig. 35, p. 152). Such selective emission 
can be realized particularly well by renouncing temperature radiation as a source 
of light and using emission due to other causes (e.g. bombardment by electrons 
accelerated in electric fields) which do not depend upcm the statistical distribution 
of thermal energy. 

The spectrum of electrically-excited radiation from gases is in general dis¬ 
continuous. Up to a short time ago it was necessary to use high j)otentials, on 
account of the large cathode fall (Vol. Ill, p. 334). This was an obstacle to the 
general use of such illumination, and these light sources were therefore only used 
for advertisements and for special purposes (e.g. discharges were used in 
dye-works, &c., on account of the similarity of this light to ordinary day¬ 
light). Now that the use of incandescent cathodes has been found to reduce the 
cathode fall to a relatively low figure (see Vol. ITT, p. 334), gas discharge tubes can 
be lit directly from the mains, and their more extensive use in the future is ex¬ 
tremely probable. Already some main streets are illuminated by sodium lamps. 

The emission of the 0(4., lamp (without incandescent cathode) is only 3-5 
lumens per watt, but for neon and mercury lamps the figure has been raised to 
35 and for sodium to 50. The surface brightness can also be increased by narrow¬ 
ing down the path of the discharge (see Table XV; compare Vol. IV, liable I, 
p. 25). 

Table XV.— Surface Brightness of Light Soxtrces useh in I^ractjce 


Source of Light 

Diameter of 
'Fubu in cm. 

Current 
Density in 
amp,,sq. cm. 

Surfacc- 
brightnes.s 
in Candle- 
power SC). cm. 

Acetylene flame 

_ 

_ 

UJ) to 0-0 

Carbon filament lamp 

— 

— 

71 ! 

40-watt va(juum tungsten lamp .. 

— 

— 

238 

100-watt gas-filled tungsten lamp 

— 

— 

800 

2000-watt gas-filled tungsten lamp 

— 

— 

1000 

Positive crater, carbon arc 

— 

— 

15.000 

Moore lamp (COo) .. 

40 

0-025 

0-2 

Neon advertising tube 

20 

0-025 

0-25 

Neon tube with incandescent 




cathode (100 amp.) 

6*5 

3-0 

15 

Constricted neon discharge 

0*2 

800 

600 

(diaphragm) 


(axial) 


On account of their descending characteristic (Vol. Ill, p. 354) these tubes 
with incandescent cathodes must be used with a resistance or a condenser. This 
causes an energy loss of about 50 per cent or about 10-15 per cent respectively. 






FLUORESCENCE OF GASES 


155 


D. Fluorescence and Phosphorescence 

9. Fluorescence of Gases 

Above we have considered the excitation of light emission from 
atoms or molecules by transference of energy from moving electrons. 
There is another means of excitation—by light. Atoms and molecules 
are able to take up light of certain frequencies, and this ab,sor})ed 
energy may under certain circumstances be emitted again wholiy or 
partially. AVhen the re-emission follows immediately upon the absorp¬ 
tion (p. 165), it is called fluorescence. When, on the other hand, 
there is a relatively long time-lag between the two processes (in 
certain cases even years), the jdienomenon is called phosphorescence. 
An alternative classification, which is practically identical with the 
above but refers rather to the elementary processes involved, defines 
the re-emission as fluorescence when it is from the atom which 
absorbed the energy, and as phos])horescence (found mostly with very 
complicated molecules) when it occurs after some intermediate 
process (sec below) and at some place dilferent from the place of 
absorption. We will first consider the simplest casts, which occur 
in gases. 

Resonance Radiation. —The fundamentally simplest case is that 
in which an atom of a gas absorbs monochromatic light and then re¬ 
emits light of the same frequency. 

This is analogous to the mechanical case of resonance. If two tuning-forks of 
the same frequency are set up and one is made to sound, then the second is also 
set vibrating and itself becomes a source ()f sound emission. The energy emitted 
by the second fork is derived from that .sent out by the first (exciting) fork, and 
is re-emitted after absorption (se(* Vol. II, p. 197). A similar effect is observed 
if we press down the loud pedal of a piano and then sing a note into the instru¬ 
ment. The particular string which happens to be in resonance with the note sung 
giv'es a marked response. 

This phenomenon was first observed in the optical region by R. W. 
Wood in the case of sodium vapour. The light of a bunsen flame 
coloured with sodium and hence emitting the I) lines (Vol. IV, p. 158) 
is concentrated upon a well-evacuated vessel containing a piece of pure 
sodium and heated to about 100'’ C. A yellow glow is seen in the vessel 
in the path of the incident beam. The sodium vapour in the vessel 
(the pressure at this temperature should be about 10”'^ mm. of mer¬ 
cury) lights up under the influence of the incident light, and the re- 
emitted spectrum can be shown by spectroscopic examination to 
consist of the D lines again. This sort of emission is called resonance 
radiation* and the emitted spectrum lines are called resonance lines. 
If the vapour pressure of the sodium in the vessel is increased by 
raising the temperature, the surface brightness of the effect is increased 
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but the glow no longer extends so far into the interior of the vapour. 
A relatively small depth of the now denser gas is able to absorb the 
incident light completely. At about 300° C. (the sodium vapour being 
still saturated) the whole of the glow is confined to a very thin surface 
layer at the point of incidence of the beam. The volume resonance 
has given place to surface resonance. It is easy to show that under 
these conditions practically all the incident light is n'-emitted. This 
can be done by covering a portion of the area of incidence with MgO 
(by combustion of Mg), which provides a very white scattering surface. 
The MgO is observed to have the same brightness as the surface layer 
of gas. The yield by resonance is therefore 100 per cent. 

This yield, however, is not obtained unless the biinsen used as the source of 
the exciting light contains only a small concentration of sodium (i.e. is only 
feebly coloured). I'he reason is as follows. In the vesstd the sodium vapour is 
at a relatively low temperature and hence at a very low pnvssure, so that the 
thermal motions and mutual interaction of the atoms are slight. In the bunsen 
flame, on the contrary, the sodium vapour is at a high temperature and (if much 
salt is introduced) at a relatively high concentration. Both these circuimstances 
result in strong interactions between the atoms by collision, and consecpiently 
the emitted radiation is sj)r(‘ad out over an appreciable spectral range. A detinit(‘ 
broadening of the D lines is observed in the spectroscope. The high temperature 
has another effect tending in the same direction, in that the Doppler effect (p. 219) 
is increased when the thermal mentions become more energetic. The relativtdy 
cold and rarefied gas in the resonance vessel possesses a very sharp absorption 
(half-value width,* about 0-02 A. at 300^’ C.) and hence can absorb only the central 
portion of the broadened line incident upon it. The remainder of the incident 
light, namely, that with frequencies differing slightly from the absorption fre¬ 
quency of the vapour, passes through unabsorbed, like any other light, and is 
ineffective as far as the excitation of resonance is concerned. Hence in order to 
make the resonance effect as intense as pcjssible, it is necessary to use special 
lamps (usxially low-voltagc discharge tubes eontaining rare gases) which give 
very narrow (i.e. very nearly monochromatic) lin(;s. 

Similar phenomena to those described above for Na are also ob¬ 
served for Li (6708 A.), K (7699 and 7645 A.), Ag (3382 and 3280 A.), 
and Hg (2536*7 and 1849 A.), as well as for Cd, Zn, and Ca. For a great 
many purposes it is convenient to use mercury, since in this case the 
phenomena are well developed at room temperature; but mercury has 
the disadvantage that the resonance radiation lies in the ultra-violet 
and so can only be investigated photographically. In order to excite 
the resonance radiation of mercury it is necessary to use well-cooled 
mercury lamps in which the discharge is made to occur close to the 
wall. Otherwise the middle portion of the resonance line emitted in 
the inner regions of the lamp is absorbed in the lamp itself by the 
cooler mercury vapour nearer the wall. This process is called self^ 
reversal, 

* The half-value width is the difference between the wave-lengths of the two points 
on the absorption curve (one on each side of the maximum) at which the intensity is 
half the maximum intensity. 
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Successive Excitation. —The following experiment (Fuchtbauer, 
Wood) is very informative in connexion with the behaviour of atoms 
taking up radiant energy. A vessel R containing mercury vapour 
(fig. BG) is irradiated by means of a mercury resonance lamp HgR, all 
light of wave-length longer than 3000 A. being stopped by a suitable 
filter F. Investigation by means of a quartz spectrograph with its 
slit placed at S shows that the mercury vapour in R emits the reso¬ 
nance line 2537 A. The resonance lamp is then switched off and R 
is irradiat(^d with the light from the ordinary uncooled mercury lamp 
Hgll, which does not emit any resonance line, since the latter is 
absorbed in the lamp itself. This self-reversal is indicated in the figure 
by the filter F, which is supposed to absorb all the resonance wave¬ 
length emitted by Hgll. Spectrographic examination of the vapour 
in R then shows that it is not emitting appreciably at all. If now the 
resonance lamp HgR is brought into 
action (i.e. if the vessel R is irradiated by 
both lamps at once), it is found that th(‘ 
s})(‘ctrum emitted by the vapour in R 
contains not only the resonance line but 
also a considerable number of other lines 
in the ultra-violet and visible regions. The 
explanation of this behaviour is as follows. 

The mercury atom which absorbs radia- .36.—Diagram of apparatus for 

tion of tJie resonance frequency thereby 

passes out of its ground state (i.e. the stabl(‘ state of minimum energy) 
into a state of higher energy, a so-called excited state. The observed 
phenomena can be explained very easily on the view that such excited 
atoms possess a characteristic absorption spectrum different from that 
of atoms in the ground state, i.e. that excited atoms are able to absorb 
other mercury lines besides the resonance line. These absorptions 
cause the excited atoms to pass over into states of still higher energy, 
from which they then revert to the ground state with emission of light. 
This view has stood all t(?sts and will be discussed in greater detail 
below (p. 176). In some cases, e.g. the rare gases, it has been found 
possible to demonstrate directly the characteristic absorption spectra 
of excited atoms of the kind postulated here . 

General Fluorescence of Gases. —The conditions are not always so 
simple as in the case above. For example, in many metal vapours (i.e. 
in monatomic gases) absorption causes a glow whose spectrum contains, 
apart from the absorbed wave-length, one or more additional lines of 
somewhat longer wave-length, which in general do not occur as 
absorption lines. This occurs, for instance, with Tl, Pb, Bi, and Sb. 
An interpretation has again been found possible on the basis of the 
structure of the atom concerned (p. 180). 

Still more complicated spectra are obtained when molecules con- 
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taining more than one atom (e.g. iodine, Ig) are excited so as to emit 
light. When the concentrated beam from an arc lamp is passed through 




a well-evacuated, sealed glass globe containing a 
few fragments of iodine, the vapour is seen to 
give a very intense yellowisii-green fluorescence. 
Tlie emitted light, when examined by a spectro- 
gra})h, is found to consist of a large number of 
sj)ectrum lines lying close together (see fig. 37). 
The phenomenon is simplified by irradiation with 
monochromatic light. Tht^ fluorc'scence spectrum 
then contains the exciting line and also a number 
of new lines arranged in a regularly-spaced 
sequence on the long-wave side—the so-calkid 
resonance spectrum (fig. 37). If the iodine vapour 
is raised to a higher temperature, lines are also 
obtained on the short-wave side of the exciting 
line, with the same regular s})acing. 

Stokes's Rule. -The following observation was 
made by Stokks * and stated by him in the form 
of a rule now^ known by his name: 

In almost all flnorescence and phosphorescence 
phenomena the emitted light is of longer wave-length 
than (or at least of the same waveAeyigth as) the 
exciting light, provided that the temperature is not 
too high. 

This oanii<)t be understood on th<' basis of classical 
electrodynamics, and remained for lifty years unex¬ 
plained, i.e. unrelated to other phenomena—the first 
warning that the ehussical elf‘ctromagnetic theory* of 
light Avould have to be furidcamentally m(>difi(‘d. Xot 
until the advent of the quantum theory was a satisfactory 
theoretical explanation forthcoming (sec^ p. 122). 

Ill many instances spectrum lines arc emitted 
in phosphorescence and fluorescence which are of 
shorter wave-length than the exciting line. Stich 
lines are referred to as anti-Stohes lines, which 
is perhaps not a very happy choice of name. 
These occasional deviations from Stokes’s rule, 
how^ever, are confined to the api>earan(H‘ of a 
relatively small number of lines in a relatively 
narrow region on the short-wave side of the 
exciting line. 


♦George Gabriel Stokes (1819-1903), Professor of Mathematics at Cambridge 
from 1849 onwards. 
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10. Interaction between Excited and Unexcited Molecules 
in a Gas 

Influence of Additions of Foreign Gases upon the Fluorescence of 

a Gas.—Tlie fluorescence of a gas is in general affected by the addition 
of a f()r(‘ign gas (Wood, 1911). In all probability the effect, which may 
be either intensification or w(»akening of the fluorescence, arises from 
a number of different causes. 

In the first place, there is a change in the conditions of absorption 
of th(^ exciting light. We must assume that for an atom at rest and 
unaft’oeted by other atoms the brt^adth of the absory)tion line (or 
emission line) is of the ord^T of 10 A. (see p. 219). Thermal motion 
(causes a l)oj)pl(‘T effect (Vol. II, p. 280) and consequent broadening 
of the line, the breadth incr(^asing as the temp(‘rature is raised (p. 220). 
Th(‘ e](‘ctric and magnetic fields of neighbouring atoms and molecules 
also cause a broadening (p. 221). 

It is this latter effect which is of importance in the case of admixed foreign 
gases. Sii])pose that tlie exciting source gives a (;omi)aratively broad line, e.g. in 
th(‘ cas(^ <jf mercury suppose that a mcrcury-arc lamp at liigh temperature and 
high pr(*ssurc is us(ul. Further, suppose that the pure gas to be excited is at room 
temjKTature and at most at the (corresponding very Iovn' saturated vapour pressure. 
It vsill tlum absorb only the central portion of the line emitted hy the lamp 
—th(‘ V(‘ry portion that is much w'cakemed hy s(*lf'rev(*rsal in the lamp itself (see 
p. 1 oli). UikUt tli(‘s<‘ circumstances additiem of a foreign gas, by causing a broaden¬ 
ing of the absorption line of the gas under investigation, increases the amount ot 
absorption of the ('xcitiiig light and thus intensific^s the fluort scenco. A fourfold 
iruTt'ase of intensity as aetually observed t)y Wood in the case of nuTcury vapoui 
(r(‘sonance line) on addition of helium. The width of the lines is, of course, cor 
respondingly grcatc'r than in the pure gas. 

If th(' above effect is avoidcHl by using a narroAv sharp exciting line (e.g. from 
a resonance lamp), then a decrease in the intensity of the resonance radiation is 
observed when foreign gases are added. The extent of this decrease depends c>n 
the chemical ehara(;ter of the added gas and on its concentration. In the case of 
mercury rt'sonance the least effective gases arc the rare gases and nitrogen, the 
most effective being (carbon dioxide, oxygen, and hydrogem. 

Increase of the pressTire of the fluorescing gas has an effect similar 
to that produced by admixture of foreign gases. These results indicate 
that (‘xcited gas atoms may collide wdth foreign molecules (or with 
other atoms of the fluorescing gas itself) before re-emitting the energy 
wdiich they have absorbed. As is showm by experiments described 
below (p. 160), the energy of excitation may be partially or completely 
transferred to the other atom or molecule taking part in the collision. 
The energy may thereby be transformed into kinetic energy, in which 
case the two colliding particles fly apart wnth increased velocities 
(the centre of gra\dty of the pair remaining fixed); or it may be trans¬ 
formed partly into internal energy of the particle struck by the 
originally excited atom. We shall see below that examples of both 
kinds of energy transference are knowm. 
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It is possible to determine the time during which an atom remains 
in its excited state, and the number of collisions per second can be 
calculated from the kinetic theory of gases. Hence we can deduce the 
fraction of the collisions which take place with an energy transference 
of the kind referred to above. A difficulty is encountered, however, in 
connexion with the values to be used for the radii of the atoms con¬ 
cerned. In order to obtain agreement with other observations of the 
duration of the excited state, it is found necessary to take the effective 
radius of the excited mercury atom in collisions (compare the effi'ctive 
cross-section, p. 44) as about L5 times greater than the radius of the 
normal meremry atom as obtained from gas-kinetic data. Moreover, 
the exact value varies with the nature of the arlded foreign gas. This 
means that, in consequence of the different strengths of the fields 
surrounding different atoms, energy transference in collision becomes 



Fig. 38.—Experimental apparatus for demonstrating sensitized fluorescence 
fFrom Zeitschrift fur Physik, 1922.] 


possible at different distances of approach. The large diminution of 
intensity of fluorescence caused by hydrogen has a special cause, which 
will be considered in greater detail later (p. 169). 

Collisions of the Second Kind. —We have seen that collisions 
between atoms or molecules may be inelastic if oik.^ of the particles 
concerned was originally in an excited state. In such cases there 
is an exchange or transformation of the energy of excitation. 

This is in a certain sense the reverse of the process in which atoms 
or molecules are excited by the impact of other atoms or electrons, 
i.e. in which the kinetic energy of one of the particles involved in the 
collision is transformed wholly or partially into energy of excitation. 

Inelastic collisions, in which energy of excitation is transformed 
wholly or partially into kinetic energy, are called collisions of the second 
kind. 

Sensitized Fluorescence. —The following is a typical example of a 
group of phenomena in which energy transferences of the kind con¬ 
sidered above play a part. 

Two quartz vessels, each heated in a separate electric furnace, are connected 
by a quartz tube (see fig. .38). One vessel contains metallic thallium and is heated 
to about 800° C. (when the vapour pressure of thalh’um is about 2 mm.). The 
other contains mercury and is heated to about 100° 0. Except for these metals 
the apparatus is well evacuated. The light from a mercury lamp L is focussed on 
the vapour in the cooler part of the apparatus, and by spectrographic investi- 
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gaiion it is found that the part of the illuminated vapour lying close to the wall 
of the vessel emits, in addition to the mercury resonance line 2537 A., the thallium 
lines 2768, 3529, 3776, and 5350 A. (ef. fig. 39). The effect is confined to the region 
near tlie wall of the vessel as a result of the relatively high pressure of the mercury 
vapour. If the resonance line is filtered out of the incident exciting beam by means 
of a glass plate, then all the thallium linens vanish. These thallium lines also fail 
to appear if the mercury vapour is removed from the vessel by freezing out. 

This emission by the thallium as a result of excitation of the mer¬ 
cury is (‘.ailed semifized fluorescence, since it is not caused directly by 
the incident light but through the agency of the 6‘xcited mercury 
atoms. The name is chosen by analogy with the sensitization of photo¬ 
graphic plates for long-wave rays by means of dyes whi(?h absorb the 
incident energy and then pass it on to the photographic substance 
(p. 1G9). 



I'lK- 3<>.— Spectrum of the sensitized fluorescence of 
indium ('after Donat). ITpper and middle spectrum; 
mercury lamp (feebly and strongly illuminated). l/ower 
spectrum: mercury spectrum together with the strong 
fluorescence lines of indium. The exciting line is 2537 A. 


[From Hamihuch cler Physik, Vol. XXIII, i (Springer, 
Ikrlin).] 


The ex])lanation of vsonsitized fluorescence is as follows. We con¬ 
sider two kinds of atoms A and B with respective energies of excitation 
and hv^^. We suppose further that When the gas A is 

irradiat(‘d with light of frequency f^, we get resonance fluorescence. 
When the gas B is irradiated with light of frequency f^, we get no 
result, because the gas B will not in general absorb the frequency f^. 
When, however, a mixture of A and B is irradiated with light of 
frequency f^, we got excited atoms of A which may collide with 
atoms of B and transfer to them a certain part of their energy of 
excitation. In this way atoms of B become excited and can then 
emit their own characteristic frequencies. Thus both A and B are 
found to fluoresce. 

Since an atom B only takes up the energy ^vb in becoming excited by the 
impact of an excited atom of A, there is a certain energy balance Ava — 

This is transformed into kinetic energy of the colliding atoms. We may calculate 
the resultant velocities by applying the principles of the conservation of energy 
and of the position of the centre of mass. The initial velocities due to thermal 
motions may be neglected, since under the experimental conditions considered 
( e 057) 12 
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here they are small (of the order of a tenth of a volt) in comparison with the 
velocities resulting from collisions of the second kind. We have 


and 


hvj, — Avb = ImaV + 


^aVa = 

Hence 

IwiajV = {hvA — hvo) — ~ — 
n>A -f- ma 
and 

ImaVE? == (Ava — ^Vb) —- 

niA + nfn 


Thus the greater the difference between the excitation energies of A and B. the 
greater is the velocity imparted to the atom B as a result of the collision. The 
velocity of B can be determined from the Doppler effect and the line-breadth 
which depends on it. 

The above conclusions can be tested in the case of thallium and 
mercury described above. The thallium line 2768 appears only feebly, 
but the line 3776 is intense. Both are resonance lines of thallium 
(p. 180). For the line 2768 the difference is only 6-4 X10“^^ 

erg, which is of the same order as the energy of the thermal motions of 
thallium under the conditions of the experiment. Thus the line emitted 
will be only very slightly broadened by the Doppler effect and will 
therefore be strongly absorbed (self-reversal) in the thallium vapour 
itself. This explains why its observed intensity is so low. For the line 
3776, on the other hand, the corresponding difference of excitation 
energy Ai^„g — is 2*6 X above calculation shows, 

the velocity imparted to a thallium atom by a collision of the second 
kind with an excited mercury atom is here very great. The emitted 
line is therefore much broadened by the Doppler effect and conse¬ 
quently only its central portion is absorbed by the thallium atoms in 
the remainder of the vapour, w^hich have a much low^r average velocity. 
All of the broadened line except the central portion passes out and is 
accessible to observation. This explains the large observed intensity. 

Various observations, notably upon mixtures of sodium and mer¬ 
cury under excitation by mercury lines (Webb and Wang, 1929) 
indicate that the probability of transference of excitation energy by 
collision becomes especially high when hv^ is not very different from 
Aca» j-G- when the energy of excitation of the one particle can be trans¬ 
formed almost completely into the energy of excitation of the other. 
This is reminiscent of the excitation function for electron impact (see 
fig. 29, p. 139), where the probability of energy transference falls off 
as eJJ becomes more and more different from hv. 

A special case of collisions of the second kind is the collision of an ion (which 
is an atom in a higher excited state) with a neutral atom or molecule. If the latter 
has a lower ionization potential than the ion which strikes it, it may be ionized 
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by the collision. Here again the probability of this process increases as the 
difference between the ionization potentials of the two particles becomes less. 
Examples of reactions actually observed are: 

He+ (24-5 volts) -f Ne (21*5 volts) He + Ne+ 

and 

He+ + Ng (24 volts) -> He + Ng ^ 

The figures in brackets are the ionization potentials. 

11. Fluorescence of Solids and Liquids 

Fluorescence is not confined to gases. A large number of liquids 
and solids exhibit fluorescence, in some cases very intense fluorescence, 
wh(m illuminated by suitable light—^usually short-wave visible or ultra¬ 
violet light. One diflerence as compared with simple gas fluorese.ence 
is that in almost all cases excitation can be effected by relatively 



Fig. 40.—Fluorescence of benzene: (a) gas, (b) liquid, (c) solid 
at o" C., and (d) solid at — i8o° C. 

broad spectral regions and that the emitted light is likewise spread 
out over broad sjiectral bands. Moreovt‘r, the fluorescence of liquids 
and solids is iisually confined much more rigidly to the long-wave 
side of the exciting radiation, i.e. Stokes’s rule is more accurately 
obeyed. Both these differences arc probably due to the fact that in 
solids and liquids the atoms are relatively close together, so that for 
this reason, as well as owing to thermal motion, the absorbing and 
emitting atoms arc? very much distorted as compared with free gaseous 
atoms. By lowering the temperature, relatively sharp spectra can be 
obtained in many cases. 

Among pure liquids the aromatic hydrocarbons, such as ben¬ 
zene, naphthalene, and anthracene, and many of their derivatives, 
show the most marked fluorescence. Sometimes the effect is confined 
to the ultra-violet (e.g. benzene). The substances of not too compli¬ 
cated structure also exhibit fluorescence in the solid state. Fig. 40 
shows, for example, the spectra of benzene in the three states of aggre¬ 
gation. 

Among pure inorganic solids we may mention the uranyl salts 
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(compounds containing the group UOg), the salts of the rare earth me tals 
(tig. 41), and calcium tungstate (schcclite) as showing particularly 
strong fluorescence. There are also many fluores(?ent systems con¬ 
sisting of very small quantities (fractions of one per cent) of foreign 
substances, mostly coloured, contained in a colourless main substance. 
An example kjlmr spar, from which the idienomenon of fluor(‘Scence 
takes its name. In addition to the immediate fluorescence emission, 
however, these systems exhibit a persistent after-glow. They will 
therefore be discussed in the next section; for it has been found that 

complicated processes, difl'ereiit 
from simple fluorescenc^e, oc(Uir 
in th(‘se systems between the 
absor])tion of energy and re- 
(‘inission of light. 

Itahy, which consists of a 
solid solution of trivalent. chro¬ 
mium in AI 2 O 3 , exhibits a ])(‘culiar 
behaviour analogous to resonance 
radialum in gasc’s. Two of the 
strongest lines in its fluores('eii(;e 
spectrum, which lies in tlie r(‘d 
r(‘gion, can be ('xcibnl by light of 
their own wave-length. Accord¬ 
ingly these lines occur strongly 
in absorption. 

In solution (])articularly 
aqueous solution) the only inor¬ 
ganic substances which fluoresce 
vrith any notable intensity are 
the uranyl salts and the stilts of 
some of the rare earths (esj)ecially 
europium and terbium). On the other hand, a kirge number of 
organic substances, mostly of complicati^d structure, are known to 
fluoresce strongly in solution. 

Beautiful fluorescence is exhibited by a solution of quinine in sulphuric acid 
and also by solutions of many coal-tar dyes, such as eosin. The most beautiful is 
a dilute alkaline solution of jiuorescein, a substance which owes its name to this 
property. 

When a few drops of an alkaline solution of fluorescein are allowed to fall into 
a vessel of water through which a beam of light is passing, they are seen to spread 
out in characteristic brilliant green clouds. A convergent beam of sunlight from 
a condensing lens, when passed through -water containing only a trace of the 
sodium derivative of fluorescein, produces a luminous green cone. Spectral analysis 
of the light emitted proves that the effect is not duo to simple reflection or ab¬ 
sorption. The solution appears reddish-yellow when viewed by transmitted light 
—a sign that it absorbs the blue end of the spectrum more than the red. If blue 
and violet light is allowed to fall on the solution, it will be practically all absorbed, 
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Fig. 41.—-Groups from the fluorescence 
spectr.i of the sulphates of Eu and Tb at 
— iSo'^ C. Tlic superi.mposed shorter lines 
appearing' above arc the neon comparison 
spectrum (after Tomaschek and Deutschbtin). 

[From Physikalische Zeitschrift, 1933,! 
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provided that the correct concentration is used. But the solution gives a green 
glow, even although the exciting light contains no green at all. Red light pro¬ 
duces no fliH)rescence. Thus fluorescein has the property of transforming short¬ 
wave visible light into longer-wave visible light. This is a good example of 
Stokes’s rule. 

The fluorescence spectra of substances in solution consist of diffuse 
bands (fig. 42), the ]K)sition of which depends on the nature of the 
solvent (probably on its dielectric constant). The presence of foreign 
substances in the solutions produces remarkably large alterations of 
intensity- usually a decrease, but sometim(\s an increase. This is 
reminiscent of the effects of admixture in the case of gases. The 



I'ig. 42.—Emission band (shaded) and absorption band of 
eosin in aqueous solution. 'Che dotted line shows the 
distribution of excitation referred to equal absorbed 
energies (after Nichols and Merrit). 

mechanism is probably similar to that in gases, the energy of excitation 
of the molecules of the fluorescent substance being transferred to the 
foreign molecules by collision and hence being lost so far as fluorescence 
is concerned. 

Above a certain limiting value (usually low), increase of the con- 
(‘entration of the fluorescent solute also diminishes the fluorescence 
yield, i.e. the quantity of light emitted per unit energy absorbed. 

As regards the relation between molecular structure and fluorescent 
properties, a large quantity of data has been accumulated for organic 
substances, and it is now possible to state the contribution of different 
groups and to predict the spectrjil position of the fluoresctuice to which 
they give rise. 

Duration of Excited States. —Numerous measurements have been 
made of the time which elapses between the excitation of an atom or 
molecule by light absorption and the re-emission of the energy as 
fluorescence. Gases, liquids, and solids have been investigated. The 
determinations may be made either with a suitable combination of Kerr 
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cells actuated by very rapid electrical oscillations (Vol. IV, p. 257), 
or by illuminating one small area of a molecular beam (Vol. II, p. 53) 
and observing how far the glow extends in the direction of motion 
of the molecules. Results obtained by these and other methods show 
that the duration of the excited state is of the order of 10“® second. 

12. Energy Transferences involving Excited Atoms and 
Molecules 

Chemiluminescence. —The energy set free in chemical reactions 
can in many cases give rise directly to emission of light, instead of 
indirectly by way of temperature radiation. This occurs especially 
with processes having large heats of reaction, the most notabh' being 
oxidation processes. In such cases the reagents glow although their 
temperature is far lower than that necessary to produce the glow by 
temperature radiation. Well-known examples of this “ cold light 
are the oxidation of phosphorus, the glow of various insects (glow¬ 
worms, fire-flies, &c.), and “ phosphorescence ” of the sea. Investi¬ 
gations, especially with gases (sec below), have led to the view that 
the processes involved are more or less similar to those of fluorescence 
(particularly sensitized fluorescence (p. 161)) but that the energy trans¬ 
ferences, instead of being from molecules excited by absorption of 
light, are from molecules possessing as extra pot(mtial energy th(' whole 
or part of the energy of reaction of a chemical process, i.e. molecules 
excited by the chemical reaction. Various cases are possible a(*-cording 
as the substance capable of fluorescence is one of the orginal rejicting 
substances, one of the products of reaction, or some foreign admixture 
which may take up the energy liberated. 

The following are some cases of reactions giving very intense chemilumi¬ 
nescence. 

(a) A mixture of 10 c.c. of 10 per cent pyrogallol solution, 10 c.e. of 40 per 
cent potassium carbonate solution, and 10 c.c. of 35 per cent formaldeh 3 'do solu¬ 
tion is rapidty treated with 20-30 c.c. of 30 per cent HgOg (all reagents being in 
aqueous solution). A very intense red glow is obtained. 

(b) Another striking reaction is the oxidation of the unsaturated silicon com¬ 
pound, silical hydroxide SiaGgHg, by means of permanganate. To demonstrate 
this, we take a large flask containing a rather thick paste of dilute hydrochloric 
acid and silicon partly decomposed and turned yellow after long treatment with 
boiling water. A number of potassium permanganate crystals are added in the 
dark and the whole swirled round vigorously. A very intense yodlow glow is j)ro- 
duced. Preparation of the silicon; roughly broken calcium siliedde is placed in 
a glass flask, covered with fuming hydrochloric acid cooled in ice, and the mixture 
allowed to react for several hours, cooled all the time (if necessary with a freezing 
mixture). When effervescence ceases the contents of the flask are diluted with 
cold water and filtered off as rapidly as possible on the suction filter, using a 
water-jet aspirator. The residue is washed with aqueous alcohol. It is ver}^ 
remarkable (and important for the theory of chemiluminescence) that the silical 
hydroxide itself may be made to fluoresce very strongly by excitation with light. 
Another observation which furnishes evidence for the theory of energy trans- 
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ference is that silical hydroxide can be coloured with dyes and that in the 
oxidation it is then the fluorescence of these dyes that is emitted. 

The glow of certain living (creatures (bioluminescence) is due to the 
oxidation of a substance called luciferin in presence of an enzyme 
called Uicifcrose. The oxidation is reversible; the oxidation product 
can be reduced so as to give luciferin again. The spectral distribution 
of the emitted light is extremely favourable for visual purposes (fig. 43). 
Thus nature has actually solved the problem of the most rational 
production of light. Since the processes giving rise to the emission of 
the light can take place outside the living organism, their technical 
d(ivelopment (e.g. on the basis of electrolytic oxidation and reduction) 
is by no means inconceivable. Radiation (in the ultra-violet) is also 
supposed to be cmittcnl in the course of 
active cell division (the so-called mito- 
(jenelic rays), Rays of the same wave¬ 
length are supposed to exert a very 
marked influence on cell-division pheno¬ 
mena. The existence of these rays, 
however, is still contested. 

Quantitative experiments on the lumi- 
nescenc(j accompanying chemical re¬ 
actions can best l)e carried out with 
gases. For example, when sodium vapour 
mixed with nitrogen is allowed to flow 
into an atmospheue* of chlorine (Haber 
and Zisch), a Rowing flame is obtained 
with a temj)erature of only 50-60'' C. 

The observed strong emission of the D 
lines must be due to transference of excitation energy to sodium 
atoms on collision wdth newly formed NaCl molecules containing 
the whole or a part of the reaction energy stored up in them. A 
number of different reactions w^ere found to occur in the sodium- 
chlorine flame, the one giving rise to the luminescence being 
Na2+Cl==NaCl+Na+75 cal. Detailed investigation showed that 
the energy of reaction remains stored up in the NaCl molecule and is 
then transferred to a sodium atom by a collision of the second kind. 
The energy required to excite a D line is 48'3 cal. per gramme-atom 
(see p. 179). Another example that has been investigated in detail 
(by Bonhoeffer) is the transference of the energy of the reaction 
2 H = Hg to foreign metallic atoms present as vapour. Here we seem 
to be concerned with the simultaneous collision of two hydrogen 
atoms with a metal atom (triple collision), the taking up of the energy 
of reaction by the metal atom making possible the formation of an H 2 
molecule. The energy absorbed by the metal atom (Na or Cd) may 
then be re-emitted as light. 



Fig. 43.—.Spectral distribution 
of energ' in the light emitted 
by firethts. The shaded area 
shows the energy utilized by the 
eye. (Cf. Vol. IV, fig. 20, p. 31, 
which shows tlic efficiency of a 
good incandescent lamp.) 
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Photo-chemical Reactions. —The reverse of chemiluminescence is 
the occurrence of chemical reaction as the result of illumination. Such 
phenomena are very widespread; we need only call to mind the bleach¬ 
ing action of sunlight and the assimilation of carbon dioxide under the 
influence of the sun’s radiation (see below). Organic growth also seems 
to be intimately bound up with chemical processes which are produced 
by light (chiefly ultra-violet light). 

The experimental data so far accumulated indicate that in most 
cases the first process is the absorption of light by an atom or molecule, 
which thereby passes into an excited state. The energy of excitation 
can then be passed on in collisions so as to give rise to chemical reaction. 
In certain cases (so-called chain reactions) the ensuing changes may 
be such that fresh reactive atoms or molecules are continually produced, 
so that the reaction (when once started) may go on without the further 
agency of light. An example of this is the combination (exydosion) of 
chlorine and hydrogen under the action of light. In cases of this kind 
light can only have an accelerating (or possibly retarding) effcH't on 
the reaction. In other cases, however, while each excited molecule 
may undergo a certain reaction, no further molecules are thereby 
excited to react and hence no chain of reactions is set up. An example 
is the decomposition of HI under the action of light, which may be 
represented as follows; HI + AvHI*; HI* -f- HI Hg - h l 2 - Hert' hv 
is the absorbed light quantum and the asterisk denotes excitation. Thus 
two molecules of HI arc decomposed for each light quantum absorbed. 
A remarkable result (and one which is of great importance for the theory 
of photo-chemical reactions) is observed when the r(‘gion of absorption 
is wide, i.e. when light of considerably differing frequencies can be 
absorbed. Since each light quantum gives rise to one elementary 
reaction, and since the number of light quanta per unit of energy (say 
per erg) is greater for small values of v (p. 125), the quantity of material 
reacting as the result of a})sorption of unit energy must be grc'ater 
for light of low frequency (long wave-length) than for light of higher 
frequency (shorter wave-length). Actually it is observed that, for the 
same amount of energy absorbed, the quantity of HI decomposed is 
1*45 times as much for light of wave-length 2820 A. as for light of wave¬ 
length 2070 A. (calculated ratio, 1-35). 

It must be assumed that the excess of energy on absorption of a 
larger light quantum i^ transformed into thermal energy (p. 126). It may 
happen (especially in presence of an inert medium) that the excited 
atom or molecule may collide with an inert atom or molecule and so 
lose its energy of excitation before meeting with an atom or molecule 
with which it could react. In such a case the excitation energy is eventu¬ 
ally transformed into heat. This accounts for the fact that the observed 
yield is often considerably smaller than that which would be expected on 
the basis of one elementary reaction for each absorbed light quantum. 
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A good example of a photo-chemical reaction is the dissociation of Ho under 
the action of the line 2537 A. in presence of mercury. A quartz tube filled with 
Ho contains a little CuO and mercury. Irradiation with the mercury resonance 
line 2537 A. (from a cooled mercury arc, with precautions to prevent self-reversal) 
causes reduction of the CuO to copper. This is manifested by the reddish colour 
produced. No reduction takes place on irradiation of Hg in absence of mtToury 
nor of mercury in absence of Ho. 

The energy required to dissociate Ho is 6*9 X erg. The energy of the 
quantum of the resonance line 2537 A. is 7-7 X 0 j.g Hence although the 
direct dissociation (.)f H., by the action of the light is impossible because Ho docs 
not absorb in this n'gion, the dissociation becomes possible by the transference 
to the Ho molecule of the energy of excitation of an excited mercury atom. The 
process(vs occurring can thus be represented as follows: Hg + /iv Hg*; 
Hg* t Hg Hg + 2H. The atomic hydrogen then reduces CuO to copper with 
formation of HgO. This experiment also throws light upon the great capacity 
of Ho for quenching the rcisonance tiuorescence of mercury (p. 160). 

An example in which chain reaction gives rise to a much bigger yield than 
that anticipated from the amount of light absorbed, is the formation of ethane, 
C^,n^., from ethylene, CgH^, and hydrogen, Hg, by the action of atomic hydrogen. 
The processes taking places are probably as follows; ('oH^ + H 1 - 2 ^ 5 ? 
f\>H 5 -{- Hg -> CoH,, -j- H. Then H -f- CoH^ — C^H^, &c., until the collision of a 
h\';lrogen atom with another hydrogen atom stops the chain with formation of 
H 2 . If the atomic hydrogen is formed by irradiation of H 2 in presence of mercury 
vapour (as described above), the number of C 2 Hg molecules formed per light 
quantum absorb(‘d may bo very large. 

The Photographic Process. —One of the most important technical applications 
of photo-chemistry is in photography. The photographic process, i.e. the change 
brought about by light in silver halides (especially AgBr) embedded in gelatine 
or ctjllodion, is characterized by the fact that in the first piece no visible effect 
is produced in the photographic plate (formation of latent Image), The silver 
halide grains which have been affected by light are brought into a certain state 
in which they can be reduced by a suitable “ developer In development they 
are reduced to silver, and, if the process is suitably controlled and the original 
expcjsiire to light not too long, the density of the silver deposited is greatest w here 
the illumination W’as most intense and hence the absorption of energy greatest. 
Of course the process of development must l)e ('arried out in the dark (or at least 
in some light—usually red—to which the plate is not sensitive). After develop¬ 
ment the unaffected silver halide is dissolved out in a suitable “ fixing bath ” 
(usually “ hypo ”, Na^SoGa), leaving the silver image behind. 

As can be seen from their yellow colour, ordinarv silver halide emulsions have 
an absorption spectrum lying in the short-w^ave visible region, so that blue and 
violet light are alone photographically effective. The emulsions will, how^ever, 
adsorb dyes with absorption regions of longer wm^e-length, and it has been found 
that with suitably chosen dyes the energy absorbed is transferred to the silver 
salt and so goes to form a latent image (so-called sensitization (Vogel, 1873)). In 
this w ay it is now' possible to make plates sensitive to all spectral regions up to 
about l*2(ji in the infra-red. On the other hand, the plates can be allowed to 
adsorb certain dyes after exposure, with the result that their sensitiveness is so 
far reduced that development can be carried out by candle-light (so-calk^d 
desemitization (Luppo-Cramer, 1921)). Ordinary photographic plates are also 
unsuitable for light of very short wave-length, on account of absorption in the 
gelatine. In such cases it is necessary either to use gelatine-free plates (Schumann 
plates) or else to smear the ordinary plates with some liquid (machine oil) which 
fluoresces when illuminated with light of short wave-length. As Pohl and his 
collaborators have showm, an elementary process corresponding to the formation 
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of a latent image occurs in many crystals on absorption of light of suitable wave- 
length. For the alkali halides (e.g. KBr) the wave-length is usually very short, 
corresponding to the absorption distribution of these substances. The crystals 
thereby become coloured. Thus with sufficiently thick layers of KBr a blue tint 
is observed. The fact that the latent image in photographic plates is invisible is 
therefore due to the thinness of the layer. If sufficiently thick AgBr crystals are 
used, the latent imago produced by illumination can easily be seen. The coloration 
is due to the appearance of a new absorption n*gion of longer wave-length—a 
state characterized by loosely bound electrons (p. 129). Thcj chemical devi'lop- 
ment of the image is obviously a problem for colloid chemistry. In certain cir¬ 
cumstances the initially atomic products of reaction can coagulate and so form 
nuclei for the deposition of the metallic silver liberated hy the reducing agent used 
as developer. 

The Assimilation of Carbon Dioxide.—The most important pliot()-chemic!al 
reaction in nature is the assimilation of atmospheric carbon dioxide (concen¬ 
tration 0-03 per cent) by green plants. Under the influence of sunlight plants are 
able to split off the oxygen and combine the carbon with water. The mechanism 
of these phenomena still remains somewhat obscure. The products of the reduc¬ 
tion are carbohydrates, the raw materials for the building up of the inimitably 
varied organic compounds which play such an important part in the life of plants 
and hence also in the life of animals. 'The necessary energy for the life processes 
of practically the whole of the living world is derived from the reversal of this 
assimilation process, i.e. by the oxidation of carbohydrates to carbon dioxide 
and water. The fuel is thus provided by the substances synthesized by plants m 
the photo-chemical process of COg assimihation. and the store of energy in the fuel 
is derived in the last resort from the sun’s radiation. 

The assimilation of COg ^^^ily takes place in presence of a green substance 
(the green of halves, called chlorophyll). The simultaneous co-operation of an 
unknown colourless protein (a so-called enzyme) seems also to be indispensable. 


13. Phosphorescence 

Phosphors. —In what follows the term phosphor * will be used to 
denote a substance which, as the result of suitable excitation, is able to 
go on emitting light (not temperature radiation) after the excitation 
has ceased. A systematic investigation of phosphorescence became 
possible after Lenard and Klatt had elucidated the chemical struc¬ 
ture of an important class of phosphors, the alkaline-earth sulphide 
phosphors (see below). Lenard .also developed the fundamental con¬ 
cepts upon which quantitative studies must be based. 

In most cases the persistent after-glow is not simply a property of 
the substance which forms the bulk of the phosphor (e.g. alkaline- 
earth sulphide or oxide, or organic substances—mostly colloidal— 
such as gelatine or frozen alcohol). It is to be regarded as due rather 
to traces of heavy metals or organic substances (generally aromatic) 
embedded in the main substance. 

This does not mean that mere mixture of the main material with the heavy- 
metal or organic impurity will give a phosphor. A special kind of combination 
is necessary; the phosphor must be prepared. For all the purely inorganic phos- 


* Gr. phoa, light, phoroe, bearer. 
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phors which have hitherto been investigated in detail, this process of preparation 
consists of heating the ingredients together. In (jrder to obtain a good after-glow 
it is usually necessary to use as flux a concentration of 1-10 per cent of a colour¬ 
less salt with a relatively low melting-point, though direct melting is also possible. 
In certain cases it seems that the particular structure requisite for phosphorescence 
can be attained by treatment with energetic electromagnetic or electric rays. 
Extremely small quantities of impurities may give ris(‘ to after-glow effects. Thus 
as little as O-OOOOOO gm. of copper in 1 gm. of ZnS, or 0*0000001 gm. of fluorescein 
in 1 gm. of boric acid, may produce strong phosphorescence. 

The only pure substance which shows an after-glow of long duration is s()lid 
nitrogen (V^ecjard). 

Examples of Phosphors. —Very brightly phosphorescent preparations can 
be made as follows. 

Alkaline earth sulphide phosphors (so-called Lenard phosphors). The raw 
material is the carbonate or oxide. This is heated to redness v ith sulphur (0-7 gm. 
S to 1 gm. CaO; 0*4 gm. S to 1 gm. SrC^O.^; 0*22 gin. S to 1 gm. BaCOa). The 
product -referred to below as ‘‘sulphide”—contains, in addition to the sulphide, 
considerable quantities of sulphate and other sulphur compounds. 

('aS-BL —5 gm. of calcium “ sulphide 0*2.5 gm. Na^SO^ + 0*1,5 gm. 
Na^BjOy -h 0*1 gm. Ca.Fo -f- 0 0012 gm. Bi are h(‘ated together to bright rednf‘ss 
for 2.5 min. in a furnac('. This pre])ara.tion pliosphoi esce‘s veiy brightly and very 
persistently ’with a blm^ colour. 

BaS-Cii ,—3 gm. of barium “ sulphid':? ”-I-0*05 gm. Li 3 p 04 •{- 0*00024 gm. 
Cu art^ heated together to mod(;rate redn.^ss for 1.5 min. This gives a very bright 
orange-red pin isphoreseeiKU', 

I'lie comiTKTcially obtainable zinc sulphide phosphors (8idot blende), which 
contain traces of copper as active impurity, also exhibit a very bright after-glow. 
Phosphor(‘Scent preparations can also be made by embedding certain organic 
substances in gelatine, sugar, frozen alcohol, &c. The br)r)e acid phosphors give 
very intense effects (Tiede). An example of a preparation is as folhAvs: powdered 
boric acid is treated with terephthalic! acid or the sodium derivative of fluorescein 
in the ratio of 1 : 1000 or 1 : 3000 respectively. The mixture is then heated to 
melting-point on a tinned iron sheet. When cold, excitation with the light of 
an iron arc (which is strong in idtra-violet) produces a beautiful after-glo'w of 
blue or yell(.)W-green colour respectively. 

Spectral Distribution of Emission and Excitation. —The light emitted 
by phos])hors is usually spread out over a wide range of wave-length^. 
The spectrum may contain cither diffuse bands (as in fig. 42 , p. 161), 
bands with a structure (fig. 40, p. 143), or sharp lines (fig. 41, p. 14ft*). 
Any spectral region characterized by a common rate of emission and 
common temperature dependence is referred to as a phosphorescence 
band, no matter what its structure and position. The so-called dis¬ 
tribution of excitation is obtained by plotting the wave-lengths of the 
exciting light as abscissae and the corresponding intensities of after¬ 
glow as ordinates. This distribution consists in nearly all cases of 
diffuse bands, corresponding to the spectral distribution of the absorption 
of the phosphor (fig. 44); for only absorbed light can cause excitation. 
The absorption of the light produces changes in the phosphor. Thus 
a new region of absorption (of longer wave-length) makes its appear¬ 
ance when the phosphor becomes excited (see also p. 129), while the 
absorption in the region of the distribution of excitation becomes less. 
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The Storing Up of Energy in Phosphors. —Almost all phosphors, 
in addition to their after-glow, exhibit an emission of light during 
illumination (instantaneous effect). In what follows we shall ignore 
this phenomenon, which is related to fluorescence, and consider only 
the persistent effect. 

Both the brightness and the duration of the after-glow are func¬ 
tions of the preparatory treatment and the temperature, th(‘ depen¬ 
dence upon these factors being very different for different “ bands 

All bands have the common property of disapjx'aring above a certain t(‘m- 
peraturc, the value of which varies from band to band. In the same w ay tluTe is 
in general a certain minimum tempcTatun^ below which the bands exhibit no 
glow, although excitation energy is stored up. Between these upper and lower 



Fig. 44.—Spectral distribution of the external photo¬ 
electric effect of a CaS-Bi phosphor 

temperature limits, the upper and lower instantaimms states, extends the region 
of persistent after-glow^ 

In the lower instantaneous state storing up of energy o(*curs, but there is no 
after-glow, Tn the intermediate region simultaneous storing up and re-emission 
take place. 

Great interest attaches to the effect of temperature variations after 
excitation. For simplicity we consider a phosphor with only one band. 
If this is exposed to exciting light at a temperature below the lower 
limit of after-glow, then when the illumination is cut off no glow is 
observed. But if the temperature of the phosphor is then raised, 
without any further excitation, emission of light starts spontaneously. 
Mere rise of temperature without previous excitation produces no such 
glow. The effect may be regarded as a driving out of the previously 
stored energy by the heat. This driving out may take place all at 
once or in any number of stages. Each successive heating up can cause 
the emission of light only to the extent left over from the previous 
heating. Hence this appearance of a glow as the result of rise of tern* 
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perature must not be regarded as a special kind of excitation of the 
phosphor by addition of heat, but merely as an emission of previously 
stored energy made possible by suitable adjustment of the temperature 
conditions. 

Displacements of Electricity in Phosphors. —It is found that the 
(excitation of phosphors is always accompanied by a photoelectric 
effect at their surfaces. This is clefinitely associated with phosphores¬ 
cent pro]>erties, and the non-phosphorescent constituents of the phos¬ 
phors do not show the effect. The connexion with phosphorescence 
becomes even clearer in view of the fact that only those wave-lengths 
can produce the photo(dectric effect which can also excite an after¬ 
glow (fig. 44). In the case of good CaS-Bi-plios])hors the effect is almost 
as great as in freshly polished magnesium metal. The photoelectric 
effect appears only during the excitation of the phosphors; there is no 
appreciable liberation of electrons during the after-emission. Phosphors 
also show an internal photO(4(‘ctric effect: displacjement^ of (dectricity 
are associated with both excitation and after-emission, and these are 
com})l(‘t(dy analogous to the displacements investigatt^d by Pohl and 
his collaborators in photoelectrically conducting crystals (p. 128). 
Phosphor('scence r(*j)resents a special case of this general behaviour, 
th(i sp('cial arrangement of the group of molecules making an (unission 
of light ]) 08 sible as an accompaniment of the motion of el(?ctric charges, 
(‘V(‘n in the solid state. 

Light-sum. — Lenard gave the name light-sum * to the amount of 
light energy storc'd up in a given phosphor at a given instant. Use of 
this very important conce})t enables us to give a good quantitative 
description of the behaviour of phovsphors. During excitation the light- 
sum stored up in the phosphor approaches a limiting value, the mag¬ 
nitude of vhich increases with the exciting intensity but can never 
exceed a certain maximum. For constant incident intensity the light- 
sum a,])proaches a limiting value, the rate of approach being greatest 
when the incident intensity is greatest. The maximum possible light- 
sum for any intensity or duration of excitation is calleci the complete 
light-sum. Measurement of the complete light-sums of phosphors con¬ 
taining different amounts of metal at first shows an increase in pro¬ 
portion to the metal content; but after a certain value is reached (for 
CaS-Bi this value is reached for a concentration of only 0*00002 gm. 
Bi per gm. CaS) the light-sum increases no further as the metal content 
is increased. The complete light-sum for excitation with mono¬ 
chromatic light is a function of the wave-length, being greatest for 
wave-lengths near the maxima of the excitation distribution. 

Rate of Decrease of Light-sum in After-emission. —Observation 
shows that the brightness of the after-glow dies out progressively from 


♦ Ger. Lichtsumme . 
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the moment when the excitation is cut off (fig. 45). Introducing 
Lenard's concept of light-sum, we may state the law of decrease (first 
discovered by Lenard) in the following way: in all cases the decrease 
can be simply represented as the sum of a number of exponential 
functions. The higher the temperature, the more rapid is the rate 
of decrease of the light-sum. Infra-red light of certain wave-lengths 
has the same effect as rise of temperature. Certain spectral regions in 
the infra-red, however, inhibit the after-glow. 

The last effect can be sho^n especially well with ZnS-Cii. A large area of 
this phosphor is excited by means of an incandescent lamp. It is then placed in 
the dark, and the image of the crater of an arc is focussed sharply upon the glow¬ 
ing surface with a suitable filter (e.g. iodine in C 82 ) interposed to cut off all the 
visible light and let through only the invisible infra-red. A dark spot is at once 
observed on the phosphor at the spot where the infra-red rays fall upon it. 


^ L^Light sum.: Phosphor /: 0'000Z4gin sulphide 

j mjrvteTLSitg: 2: 000055 gm ^‘/gr sulphide 
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Days 

Fig. 45.—Decrease of phosphorescence with time for 
CaS-Hi phosphors with different metal contents (after 
Lenard). 


Structure of Phosphors. — Lenard was the first to show that the 
property of phosphorescence depends upon a special stru(‘ture. and 
he gave the name phosphorescence centres to the complexes of atoms, 
embedded in the main substance of the phosphor, which possess the 
property. The number of atoms in a complex is of the order of lO’^-lO^. 
It is clear that the self-contained fields of force necessary for appearance 
of an after-glow, and the energy insulation of the phosphors which 
makes possible a storing up of energy over measurable periods, can 
only occur in very complex aggregates. 

In crystalline substances such as ZnS, zinc silicate, or the halides, 
the centres are probably small micro-crystalline regions with good 
thermal insulation from their surroundings. Thus a necessary con¬ 
dition is a discontinuity in the lattice of the crystal. Such discontinui¬ 
ties seem to be caused partly by the presence of atoms of the heavy 
metal (e.g. Mn or Cu in ZnS) which is foreign to the lattice, and partly 
by natural inhomogeneities in the crystal. In agreement with this it 
appears that the presence of such primary crystal irregularities is 
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necessary for the production of phosphorescent properties in rock-salt 
by pigmentation with fast cathode rays. The investigations of Gudden 
and PoHL upon photoelectric conductivity in well-defined NaCl crystals 
containing foreign atoms have thrown considerable light (p. 128 ) upon 
the questions of the liberation of electrons in the interior of such 
lattices (corresponding to the excitation of phosphorescence centres) 
and the return of these electrons (corresponding to the after-glow). 

Views concerning the Mechanism of Phosphorescence. —As early as 
1904 Lenard and Klatt expressed the view that the excitation of a 
])hosphor consists in the liberation of electrons from the heavy-metal 
atoms, and that in the after-emission of light these electrons return to 
their original condition. An electron thus split off from its parent centre 
is supposed to be held by the surroundings, until finally, after a definite 
av('rage time depending on the temperature and the nature of the 
])hosphor, it is (as it were) shaken loose again by thermal agitation and 
returns to its initial state. Other things being equal, the time of return 
dejxmds on the statistical distribution of the energy of the thermal 
collisions, so that each kind of phosphorescence centre (characterized 
by its numb(‘r of atoms and the corresponding dcgi*ee of energy in¬ 
sulation from the surroundings) must show an exponential decrease of 
Ught-sum, as is actually observed. Lenard’s view^s have been extended 
in the course of subsequent investigations to give the following general 
theory. 

4410 absorption and emission processes must be regarded as occurring in 
different spatial regions. 44ie phosphorescenco centres are sux)posed to consist 
of more or less firm eombinations of the actual phos^diorescent substance with 
largo molecular coraj)lexes, the latter being characterized by the fact that their 
olecdron orliits form self-contained units (e.g. lattice blocks, organic aggregates, 
&c.) in whic'li a fre<* migration of energy is possible. In phosphoreseenee the energy 
is primarily absor}}ed in the molecules of phosfdiorese.ent substance in a centre 
and stored up in them as energy of excitation. Then as a result of thermal 
motions an exciteni molecule may collide with the large molecular complex. In 
a certain fraction of these collisions the energy of excitation w ill be transferred to 
the complex, w hich will tlum emit it as light. The wave-lengths emitted will thus 
be characteristic of the complex. Tliis theory, ac^cording to which energy emission 
is preceded by transferences due to collisions of the second kind, is successful in 
explaining the constancy of the emission spectrum even wdien several electrons 
are lil)erated per atom of phosphorescent substance during excitation. It also 
accounts for the large (*ffoctiv(^ cross-section of the centres, as well as their sur¬ 
prising iiiHiilation w ith respect to energy. 

Historical. —In 1909 Lenard quite dednitoly expressed the view', based upon 
his ex])eriment8 upon phosiihors, that the emission of light from atoms is asso¬ 
ciated with the return of an electron to its initial state after excitation. This 
idea has been of the greatest significance for the devclc^l)ment of the theories of 
light emission, and formed one of the foundations of the later theory of Boub. 
A further clue w^as obtained in 1913 by Lenard and Hausser, again from obser¬ 
vations of phosphors, by measuring the maximum amount of energy w hich could 
be stored up in a phosphor whose metal content was accurately known. In this 
w ay they gave the first answ^er to the question of how much energy an atom can 
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emit after a single process of excitation. They were able to show that the amount 
is of the same order of magnitude as the emitted light quantum. This indicates 
that the elementary process of light emission involves “ packets ” of energy 
(or light quanta)—a conclusion which has been borne out in an even more striking 
manner by subsequent experiments, especially those on the transference of 
energy by electron collision (p. 51). 


E. The Emission op Light and the Model op 
THE Atom 

14. The Fundamental Laws of Absorption and Emission 
of Energy by Atoms 

The following laws of the intor«action of light and matter have 
already been met with: 

1 . A¥hen light of frequency is absorbed by matter, the quantity 
of energy Av may be takcui up by an electron, which as a result may be 
ejected from the atom (and in some cases from the macroscopic surface 
of the body). In this process the work of se})aration p is performed, 
so that the final kinetic energy of the liberated electron is given by 

2 . When kinetic em vgy is taken up by an atom or molecule from 
an impinging electron or material particle, the collisions may be 
inelastic if the energy of the iin})inging particle exceeds a certain 
definite minimum. As soon as this minimum is exceeded, mono¬ 
chromatic light of frequency r is observed to be emitted. The fre¬ 
quency satisfies the relation hv— 

3. The phenomena of fluorescence show that atoms can be made 
to take up diflerent discrete excited states, from \^hi^h the»y may 
return to the normal state by emission of light. Provided that the 
emitting atoms are unperturbed, the light they send out is monochro¬ 
matic. 

4. The phenomena of phosphorescence show that the processes of 
excitation and return to normal during after-glow are associated with 
the motion of electrons. 

In 1913 Niels Bohk summarized the above conclusions in the two 
following postulates, which form the basis of modern atomic theory: 

1 . An unperturbed atom cm exist in definite stationary states, each 
of which corresponds to a definite energy of the system. The transition 
from one stationary state to another is accompanied by emission or absorp¬ 
tion of light, the energy given out or taken in being equal to the difference 
between the energies of the two stationary states in question, 

2 . The emission of radiation by an atom or molecule is due to the 
transition from a stationary state of energy En to a secand stationary state 
of lower energy The frequency v of the radiation follows from the 
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fact that the energy of the corresponding qmntum is eqml to the difference 
between the energies of the two stationary states concerned, i.e. 

In the same way the absorption of radiation by an atom or molecule 
is due to the transition from a stationary state of energy to a second 
stationary state of higher energy E^, tJhe difference being equal 

to the quantum hv of the absorbed light. If the atom has no stationary state 
of energy E^ fulfilling this relationship, then there is no absorption: the 
light passes on and the atom is left in its orighml state after temporary 
perturbation by the incident electromagnetic field. 

These postulates may be represented graphically as follows. In fig. 46 
let Eg represent the energy of the system (atom or molecule) in the 
normal or ground state. Experiment 
(e.g. on the absorption by excited atoms, 
p. 157) shows that every atom returns to 
this ground state very soon after any 
alteration of its energy. The time-lag is 
usually of the order 10~® sec., though in 
special circumstances it may be as high 
as 10“^ or sec. in gases. Here it is 
assumed that no electron is completely 
separated from the atom; for it is known 
that an ionized atom may remain in the 
ionized state for an indefinite period of time, provided that the ex¬ 
perimental conditions are suitably chosen. This stable ionized state 
may be regarded as the ground state of the ion, which can be further 
excited. According to ordinary macroscopic mechanics or electro¬ 
dynamics, a system may take up energy in indefinitely small amoimts. 
This is represented in fig. 46 by the continuous range of possible 
entTgies on the left. The experiments described above show that con¬ 
ditions are quite different for atoms; in general, in fact, an individual 
atom must be supplied with at least a certain minimum quantity of 
energy before it can absorb any at all as internal energy. On the other 
hand, however, the taking up of energy as kinetic energy relative to 
the surroundings can take place continuously in all cases realizable in 
practice (see also gas degeneration, VoL II, p. 151). In the figure Ej 
represents the next possible value of the internal energy above the 
ground state Eq. Above E^ are the further possible vstates of higher 
energies Eg, &c. (cf. the experiment described on p. 51). Thus in place 
of the classical continuum we have a number of distinct and definite 
values for the energy. One of the fundamental problems of atomic 
physics is to investigate these discrete energy levels of atoms and mole¬ 
cules, as well as the possibilities of transition from one to another. 

(B957) *3 





Fig .{6.—Permitted energy states 
of a tb.-jsical system (left) and an 
atomic system (right). 
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Measurement of Energy. —Experiment can only give the differences between 
the energy of one state and the energies of other states. Hence the energy Eq oi 
the ground state may be taken as zero. This is the only convention which is 
generally adopted (see also p, 181). 

As regards units, it is not usual to express the energies in ergs per molecule 
or per atom,* since in many cases it is more convenient to use other units. The 
following are in use: 

(а) Cals./mol, i.e. the energy per gramme-molecule. Here we have 1 cal./mol = 
(l/N) cal./molecule — {J/N) ergs/molecule, where N is Avogadro’s number 
(Vol. n, p. 62) and J is the mechanical equivalent of heat (Vol. II, p. 32). 

(б) Volts, or, more accurately, electron-volts (e-volts); here 1 e-volt is the 
kinetic energy attained by an electron in falling through a potential difference 
of 1 volt. Since c = 1*69 X IQ-^® e.m.u., and 1 volt = iO®e.m.u., it follows that 
1 electron volt = 1*69 x lO^^^ergs. 

(c) Frequency v. This expresses the frequency (in Beo."*^) which a light quantum 
would have to possess in order that its energy should equal the energy in question, 
i.e. V = E/A 

(d) Wave-number v. The wave-number is the number of wave-lengths of an 
electromagnetic radiation per centimetre of path in vacuum. The equation 
V = cv is obviously true, c being the velocity of light (3 X 10^® cm./sec.). This 
method of expression gives the wave-number which a light quantum of the energy 
in question would possess. 

(e) Wave-length X. This unit is related to the preceding; it is the wave- 
len^h of a light quantum of the energy in question. The relationships between 
these different ways of expressing energy values are given in Table XVI. 

As an example we may take the energy difference (7*73 X 10”^® erg) betw^cen 
the ground state Eq of the mercury atom and the next higher state attainable by 
irraiation. This energy difference is equivalent to the energy of a light quantum 
of wave-length 2636*7 A. = 2*5367 X lO”*® cm. or of wave-number 39422 cm.“^ 
or of frequency 1*183 X 10^® sec.~^; or to the kinetic energy of an electron which 
has fallen through a potential drop of 4*86 volts. For the sake of brevity we speak 
of the energy as being 4*86 volts (better electron-volts). From Table XVI we see, 
for instance, that an electron that has fallen through a potential drop of 1 volt 
would, if all its kinetic energy were transformed into radiation, give a quantum 
of wave-length l*233(x and wave-number 8110 cm."^. 

Representation of Emission and Absorption. —Consider an atom 
with the energy states Eq, Ej, Eg . . . (fig. 47). The absorption of a 
light quantum of frequency given by hv^ == E^ — E^, corresponds 
to the transition from the state Eq to the state Ej. This transition is 
represented by an arrow pointing from Eq to E^ as in the figure. 
Similarly, the absorption of a light quantum hv 2 = Eg — Eq is repre¬ 
sented by the arrow between Eq and Eg. The emission of the 
corresponding quanta is shown by arrows pbinting in the opposite 
direction (see figure). 

As we can see from fig. 47, an atom in the state E^ may pass over 
into the state Eg by taking in the amount of energy Eg — E^. Con¬ 
versely, the return from Eg to the ground state may take place in suc¬ 
cessive steps. This means that the excited atom in the state E^ is 

♦ In what follows the word “ molecule ” will be used for the sake of brevity to 
cover both molecule and atom. 



Tabls XVI. Relatioks between the Quantities used to express Atomic or Molecular Energies 
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able to absorb light quanta of frequency vg ~ agree¬ 

ment with observation has already been pointed out on p. 157, and 
the excitation of mercury vapour by successive steps takes place in 
this way. Conversely, an atom in the state Eg may either return to 
Eq direct, thereby emitting the frequency vn, or may return to Eq in 
successive steps, emitting the frequencies Vo — and v^. Detailed 
investigation of the frequencies emitted in the experiments described 
on p. 157 shows that this conclusion fits the facts. 

Selection Rules.—A restriction, which is of fundamental importance 
for the optical behaviour of atoms, has to be imposed on the above 
statements. It is found that certain transitions between the energy 
levels of an atom cannot be realized by absorption or emission of 
electromagnetic radiation. Suppose, for example, that an atom has 





Fig. 47.—Diagrammatic representation 
of absorption and emission 
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Fig. 48.—Longest-wave absorp¬ 
tion of thallium and the corre¬ 
sponding emission. 


the possible states E^, Ej, Eg . . . . Then it may well happen that, 
although the state Eg can be reached from the ground state Eq by 
absorption of a quantum of light of frequency Fg, the state E^ cannot 
be reached from the state Eq by absorption. The atom is incapable of 
absorbing a quantum of the right magnitude, namely hv^ = E^ — E^. 
This kind of incapacity is a fimdamental property of atoms, and great 
importance attaches to the so-called selection rules that state which 
transitions between levels can actually occur by emission or absorption 
of radiation (or, as it is sometimes put, which levels can combine with 
one another). 

One case of this kind we have already met with experimentally on 
p. 157. In resonance fluorescence various metal vapours give several 
lines in emission, although they only absorb one line. The explanation 
is as follows. (Fig, 48 is drawn to scale for thallium.) If we start from 
the state Eq, only the state Eg can be reached by absorption. The 
state E| cannot be reached from E^, although the transition between 
Eg and and vice versa is quite possible. Hence the vapour absorbs 
as line of longest wave-length the line of frequency Fg— (Eg — Eo)/A; 
but two lines of frequencies Fg and vg —• appear in emission. It, 
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however, the vapour is heated above 800® C., the line of longest wave¬ 
length now absorbed has the frequency vg — From this we must 
conclude that at the higher temperature a sufficient number of the 
atoms possess so high an energy that their collisions result in excitation 
to the state E^. These atoms, excited by collision, are capable of being 
further excited to the state Eg by absorption of light of frequency 
vg — Measurements of the variation with temperature of the 
intensity of the absorption line of frequency vg — prove that this 
explanation is correct. From these facts we are led to the following 
very important conclusion, which is confirmed by many further inves¬ 
tigations: 

The selection Titles hold only for transitions involving absorption or 
emission of radiation, not for transitions due to collisions. 

In what follows we shall meet with a great many examples of this 
kind of reasoning and inference. 

Spectral Terms.—According to what we have said above, the 
energy differences between the stationary states of an atom can be 
calculated from the lines of its spectrum. The frequency of any line 
can be written as the difference between two quantities known as 
spectral terms, namely 



As we have already mentioned on p. 157, the choice of the zero from 
which the energies are reckoned is arbitrary, since energy differences 
only are observable. While for most purposes it is simplest to take the 
ground state of the atom as zero, it is customary for historical reasons 
(on account of the simpler mathematical form assumed by certain 
relationships (see below)) to fix the zero at a level which exceeds this 
by the ionization energy. (For an exact definition see p. 191). As a 
result all the states of the neutral atom have negative energy values. 

On account of the greater convenience of the numerical values 
involved, it is also customary to describe a radiation by its wave- 
number V in cm.~^, instead of by its frequency v in sec.~^. The two 
are related by the equation v = v/c. Thus the wave-number of a 
spectral line can be expressed as the difference of two terms, namely 
V = T,„ — Tn, where T„ = --E„/(Ac) and = —E^/(Ac). The terms 
so introduced are purely mathematical in character and are related 
to the energies of the atomic states in the way stated. 

15. The Stationary Energy States of the Hydrogen Atom 

We shall now turn to our main problem, which is the determination 
of the stationary states of atoms and their representation both mathe¬ 
matically and by means of models. Various sources of information have 
already been discussed above. Besides these, the spectral lines given 
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by atoms during absorption or emission furnisb a great deal of important 
evidence, partly because of the large number of the lines and partly 
on account of the accuracy with which they can be measured. 

Spectral Series and Spectral Terms.—We will first show for the 
simplest example, hydrogen, how the energy states of the atom can be 
deduced from its spectral lines. 

If hydrogen is excited to glow, e.g. in a Geissler tube, four lines 
are obtained in the visible region. They are given, with their usual 
names, in Table XVII (see also Vol. IV, coloured plate facing p. 168, 
No. 6). 

Table XVII.— The Visible Hydrogen Lines 


H. 

X = 6562*99 A. 

V = 15232*97 cm.~» 


4861*52 

20564*57 


4340*67 

23032*31 


4101*94 

24372*8. 


Up to 20 lines can also be observed in the ultra-violet. 

When the lines are plotted in a diagram (fig. 49), it becomes clear 
that the distances between successive members decrease regularly as 
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Fig, 49.—^The Balmer series of hydrogen 
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we pass towards shorter wave-lengths. Such an array of lines is called 
a series. The members of the series become closer and closer together 
at the short-wave end, converging to a well-defined position called the 
limii of the series. The limit of the hydrogen series of fig. 49 lies at 
3645*98 A. In 1885 Balmer * succeeded in deducing the law of this 
series from the four visible lines. The series is called the Balmer 
series in his honour. His formula, in modem notation, is 



where Rh == 109677*76 cm.*"^ is a constant (now called the Rydberg 
constant) and n is an integer which assumes the values 3, 4, 5 , . . for 
the successive lines of the series, beginning with In stellar spectra, 
as well as in that of the sun’s chromosphere, up to 35 members of the 


* Johann Jakob Balmeb (1825-1898) was a teacher in a girla' high school at Basle 
and lectured on descriptiTe geometry. 
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series have been found in absorption. The limit of the series is obtained 
by putting w = qp, which gives = Rh/2^* 

Further experimental investigation has revealed still more hydrogen 
lines which can likewise be arranged in series. Thus Paschen (1908) 
found some strong lines in the infra-red, the number of which was 
added to by Brackett (1922). The last worker also discovered another 
series in the long-wave infra-red. In 1924 Pfund observed a line of 
even longer wave-length. A new series was also foimd in the extreme 
ultra-violet by Lyman (1916). 

All these lines can be arranged in series with formuli® analogous to 
the Balmer formula, the only difference being that the number in the 


denominator of the first 

fraction varies from case to case, as follows: 

Lyman Series: 

F== 


n = 2, 3, 4 . . , 

Balmeb Series; 

» 

II 

nV’ 

n=3, 4, 5... 

Paschen Series: 


L - i\ 

(2 n2/’ 

CD 

II 

Brackett Series: 

, 

11 

[2 n2/ 

n == 5, 6, 7 . . . 

Pfund Series: 


)2 n^r 

«. -= 6, 7, 8 .. . 


Here it should be particularly noted that the constant is the same 
for all the series, so that all the lines of the hydrogen spectrum can be 
expressed by means of one general formula 



in which m and n are integers. 

One of the essential features of this formula is that each spectral 
line is represented as the difference between two expressions of the 
form Rh/^^j one of which is constant throughout a series, while the 
other assumes successive different values. Thus there is a parallelism 
to Bohr’s formulation, according to which the frequencies of the 
spectral lines are proportional to the differences of the energies of two 
atomic states. 

Combination Principle*—The regularities just described also throw 
light on a relationship, known as the combinaiion ^principle, which had 
been discovered by Ritz long previously. Ritz noticed that addition 
or subtraction of the wave-niunbers of two or more spectral lines usually 
gives the value for another line of the same atom. According to the 
above discussion, the explanation lies in the fact that each line may 
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be regarded as given by the difference of the energies (or the terms) of 
two states. Thus if we have two lines corresponding to the term- 
differences Tg — Ti and Tg — Ti, the difference of the two wave- 
numbers, Tg — Tg, is again a possible spectral line, since Tg and Tg 
are terms belonging to two energy states of the atom. This fact has 
already been expressed graphically in fig. 47, p. 180. 

Calculation of Terms. —The case of hydrogen may also serve to show how 
spectral terms are calculated from observed lines. We consider the following 
lines as known (wave-numbers in cm.”'^): 

vi == 82258*27 Vg = 15232*97 = 5331*62 Vio = 2469. 

vg = 97491*28 va = 20564*57 v» = 7799*30 
V 3 == 102822*84 = 23032*31 

V 4 = 105290*58 

Then we have Vj = Vg — Vj; Vg = V3 — Vj; v, = V4 — v^; Vg = Vg — Vj = Vg — v^; 

Vg = V4 — Vg = V, — Vg,* Vio = V4 — Vg = V7 — Vg = Vp — Vg. 

All these lines can be regarded as combinations of five terms, namely 

Ti = 109677*7 T 4 = 6854*8 

Tg = 27419*4 Tg = 4387*1. 

Tg^ 12186*4 

Since we are concerned only with differences, all of these terms are of course 
indeterminate to the extent of an additive constant. 

In the present case, however, the term values can be worked out 
directly from the series formulae. Putting w = 00 in each case, we 
obtain the values tabulated above, so that in this way the choice of 
the constant is decided. Further terms may also be calculated by 
analogy, i.e, by substituting higher integers for m in the convStant 
Rn/m^ of the series formulae. In this way an array of terms is obtained 
like that illustrated in fig. 60, the wave-number scale of which is shown 
on the left-hand margin. This diagram is at the same time a represen¬ 
tation of the energy states of the atom, the lowest levels (terms) repre¬ 
senting the states of lowest energy. If the energy of the lowest state 
(the groimd state) is arbitrarily taken as zero, then by means of the 
equation E„ = + const, the energy values given in the right- 

hand margin may be worked out. Thus the energy-differences between 
the states of the hydrogen atom can be read off directly from the figure. 

Only in the case of hydrogen can the whole spectrum be related 
to a single term-system like that given in fig. 60. For all other atoms 
the numerous and very complicated series relationships lead to several 
different term-systems. This complication will be discussed fully later 
(see Chap. V, p. 276). 

Experiment shows that the zero-point chosen above for reckoning 
term-values, i.e. the level of highest energy, corresponds to the state 
whose energy is equal to the energy of ionization. Hence this is the state 
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in which the atom has absorbed so much energy that the electron is 
completely removed from it. 

The term-zero lies 109677*7 cm.“^ above the ground state. Since 1 cm.“^ = 
1*23 X 10~* electron-volt (Table XVI, p. 179), the corresponding energy difference 
is 13*53 electron-volts. Now from observations of resonance potentials (p. 61) 
it is possible to determine the stationary states of the atom empirically. Table 
XVIII contains the values determined by Compton and Olmstead (cf. fig. 60). 



Fig. so.—Term and energy level scheme for the hydrogen 
atom. The arrows indicate absorption 


Table XVIII.— Determination of the Energy Levels of the 
Hydrogen Atom from Resonance Potentials 


n 

Volts (observed) 

I Volts (calculated) j 

n 

Volts (observed) 

Volts (calculated) 

2 

10*16 


6 

13-2 

13*16 

3 

I 2 O 5 


7 

13'3 

13*20 

4 

12-7 


— 

— 

— 

5 

13*0 

1300 

00 

13*5 

13*53 


The table also contains for comparison the values calculated from the generalized 
Balmeb formula. We see that the theory is actually in good agreement with the 
facts. 
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Inspection of fig. 60 shows that the members of a series of emission 
lines are dm to transitions from atomic states of different energies to a 
common end-state. Since emission series can also be observed in absorp¬ 
tion, it follows also that a series of absorption lines is dm to transitions 
from one and the same lower energy-level to different higher levels. As 
was explained above, the limit of an absorption series corresponds to 
the process of ionization of the atom. Since this limit is taken as the 
zero from which term-values are reckoned, a knowledge of it enables us 
to calculate the value of the lowest term involved in the series. In 
this way the term-value of the ground state is obtained, and if we 
take the energy of this state as the zero of reference, the relative energies 
of other states may be calculated from the term-differences, which 
are the only quantities accessible spectroscopically. 

16. The Rutherford-Bohr Model of the Atom 

As has already been explained on p. 36, Lenard discovered that 
a large part of the effective volume of an atom is “ empty i.e. that 
the material constituents of the atoms are concentrated within a very 
small space, which can be calculated from his experiments. On 
Lenard’s view, each atom consists of “ dynamids i.e. pairs of 
elementary positive and negative charges. The view now accepted is 
due to Rutherford (p. 82), who proved by experiment that all 
the positive constituents of the atom arc closely concentrated in 
a region with a radius of about 10 ”^^ (tiie nucleus). Thus the 
whole atom with its radius of about 10~^ cm. consists of a nucleus, in 
which the positive charge and nearly all the mass are situated, and a 
number of surrounding electrons. 

If elementary positive and negative charges are regarded as point- 
charges, it is impossible on purely classical principles (i.e. by applying 
the Faraday-Maxwell theory of macroscopic electric fields) to 
construct an atomic model possessing the properties just outlined. It 
is clear that the attractive force between the oppositely-charged con¬ 
stituents must be balanced by a force tending to keep them apart. 
In the case of heavy particles the only compensating force of this kind 
is a centrifugal force, analogous to that which makes the orbits of the 
planets in the solar system stable. 

In the electrical case of the atom, however, such a model is not 
stable. An electric charge rotating in an orbit (i.e. moving with an 
acceleration, Vol. I, p. 62) must, according to classical theory, radiate 
electromagnetic energy into space in the form of waves. This loss of 
energy would have to be derived from the internal energy of the atom. 
This means that the electron, like a planet moving through a viscous 
medium, would fall into the nucleus. The fact that atoms can exist 
for extended periods without radiation of electromagnetic waves proves 
that, if we hold to the experimentally well-foimded view that the 
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elementary charges are points, it is impossible to construct a satisfac¬ 
tory atomic model on classical principles. 

Bohr* put forward an atomic model harmonizing with the ob¬ 
served properties discussed above. He retained the idea of negative 
point-charges circulating in orbits about a positive nucleus; but, 
building upon the experimental facts, he introduced the new hypo¬ 
thesis that certain dynamical arrangements of the charges (in par¬ 
ticular certain orbits of the electrons) are stable in the sense that they 
can continue to exist over extended periods without radiation of elec¬ 
tromagnetic energy (so-called stationary states). This hypothesis was, 
of course, in direct contradiction to classical ideas. The stationary 
states derived from the model must naturally agree, as far as their 
energy differences are concerned, with spectroscopic observation. In 
particular, the relationship between 
emitted frequency and energy loss 
must be fulfilled. 

The quantitative realization of 
Bohr’s theory was made possible by 
applying the discovery (made by 
Planck in connexion with heat radia¬ 
tion, p. 150) that an atomic harmonic 
oscillator of frequency v can only 
absorb or emit energy in integral 
multiples of a quantum of magnitude 
hv. When applied to the planetary 
model of nucleus and electron (so-called rotator)^ this quantum condi¬ 
tion becomes as follows. The angular mmnentum of the electron about 
the nucleus can only assume values which are integral multiples of an 
elementary value. 

This is often expressed by saying that the angular momentum is 
quantized. 

Quantum Conditions for the Oscillator and the Rotator.— A short account 
will now be given of the basis of the calculation of the stationaiy states for the 
harmonic oscillator and for the rotator. We begin by considering a linear har¬ 
monic oscillator, a particle of mass m which can be displaced to either side of a 
mean position and which is acted upon by a restoring force proportional to the 
displacement. Its proper frequency v is then independent of the amplitude a. 

The displacement of the particle as a function of the time t is given by 
g a sm2TcvL We also w-ish to consider the momentum p, which is given by 
p ss mv m.dqjdt^ 2v:vnui coB2Tzyit. In fig. 61 this momentum is plotted as 
a function of the displacement of the point, i.e. p is plotted against q, with 
rectangular axes. At its maximum displacement the particle is momentarily at 
rest, so that its momentum is zero. The maximum velocity, and hence the maxi¬ 
mum value of the momentum, are attained on passing through the mean position 
(q =ss 0). Since the momentum involves the first power of the velocity, the sign 

* Niels Bohb, bom 1886) Nobel Prize winner; professor of theoretical physics at 
Copenhagen. 



Fig, SI -Phase diagram for the 
harmonic oscillator 
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of the momentum changes with the sense of the motion. Thus in the pg-plane 
<the so-called jpAase-^/awe) we get a closed curve like that shown in fig. 61. Elimi¬ 
nation of t from the above equation readily shows that this curve (the so-called 
ph/ise diagram) is an ellipse, since the equation between q and p is 


S'! 4 . = 1 

o» ^ i* ’ 


where b = 27cvmo. 

Now according to Planck the experimental investigations on heat radiation 
prove that only those states of an oscillator are possible whose energy differences 
relative to the ground state are integral multiples of an elementary quantity of 
energy hv. Applied to our phase diagram, this means that only a certain family 
of discrete ellipses is possible, and this family must be such that the differences 
between the energies corresponding to the different ellipses are integral multiples 
of ^v. The energy of an oscillator is the sum of its kinetic energy Ehin. and its 
potential energy Epot.. As the particle passes through its mean position, Epot. 
becomes zero and Enm. = lm.a^2T:v)^ = abizv. But abn is the area of the ellipse, 
which must therefore be equal to W/v, where W is the energy of the oscillator. 
VVe sec that the area, of the ellipse is proportional to the energy, and that, there¬ 
fore, according to Planck’s theory the only ellipses possible are such that the 
a-reas of successive members of the family differ by the constant area h (see fig. 
d2). The permitted ellipses are all similar, since 6/a == 2:rvw == constant. 

Hence if AW is the difference of energy between two successive permitted 
states of the oscillator, then h = AW/v and AW = /iv. The energy of the wth 
state is given by W„ = Wq -f w/iv, the successive states being denoted by 0, 
1 , 2, 3 . . . from the ground state upwards. Thus the oscillator can only exist in 
certain definite stationary states, each of which is characterized by a certain 
ellipse in the phase-plane. Any alteration of the energy of the oscillator by absorp¬ 
tion or emission must involve transition from one permitted phase ellipse to 
•another. 

The constant Wq in the formula remains indeterminate. It is found, however, 
that if the oscillator is to persist as such its energy must not fall below a certain 
lowest level. As will be explained more fully later, this so-called zero-point energy 
comes out as equal to 


The energy of the nth permitted state of a linear harmonic oscillator 
can therefore be written in the general form 


In general (i.e. for a difiEerent mechanical system) the phase diagram 
will be of a different form. If we apply the formula J = ^ydx for the 
area included between a curve y ==/(a;) and the a?-axis, the area of the 
closed phase diagram will be given in every case by the so-called jphjase 
integral 

J = ^pdq, 


in which the circle through the integral sign indicates that the 
integration is to be taken once right round the closed curve. 

If we generalize the quantum condition deduced above for the 
oscillator, the corresponding condition for any system can be formu 
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lated as follows: The difference between the phase integral of any two- 
successive permitted states must be equal to h, i.e. 

AJ = ^ or Jn == Jo + 

Tliis condition holds in the general case for each degree of freedom of the 
system (Vol. 11, p. 41). From the continuous range of mechanically possible 
motions it selects a discrete number of “ quantized ’* motions as the only ones 
corresponding to stationary or permitted states of the system which are attainable 
by spontaneous adjustment. 

The fact that these discontinuities cannot be detected in the case of ordinary 
mechanical systems is due to the extreme minuteness of the quantities of energy 
involved. The energy quantum for visible light (X = 5000 A.) is Av = 3-92 X 10“^^ 
erg. Even for the shortest y-rays {X = lO"'^^ cm. approx.) Jim is only 2 X lO""* erg. 
These, then, are respectively the mean and the maximum amounts of energy 
involved in atomic processes. They are extremely small relative to the energiea 



Fig. 52 .—Representation of the per- Fig. 53 .- Phase diagram for 

milted energy states of an atomic oscil- t})e rotator 

lator in the phase plane. 


involved in macro-mechanical processes, so that these processes show no sign 
of quantization. The diHerenco is of the same kind as that met with in connexion 
with the structure of matter, where the macroscopic point of view gives the 
impression of a continuous character, though the underlying atomic or molecular 
structure is discontinuous. 

Owing to its importance in connexion with the atomic model, we must also 
consider the quantization of the rotator, i.e. a system in which a particle of mass m 
moves uniformly on a circle of radius a about a fixed centre. As the co-ordinate 
of position, depending on the time f, wc take the angle 9 described at the centre 
by the radius to the point. At time t = 0 we make 9 = 0 . Then w^e have 
14 in. == \ma^{dqldHf and Epot. == const., the radius a being constant for each 
stationary state. The corresponding momentum j?, given as for the oscillator 
(p. 187) by the general formula 



is here p = ma^dqldt), i.e. the angular momentum or moment of momentum of 
the point about the centre (see Vol. I, p. 136). This is constant for each stationary 
state. The phase diagram in the py-plane is therefore a straight line parallel to 
the ^-axis (fig. 53). One end of this line joins on to the other end after each revolu¬ 
tion, however, since the phase of the rotator is repeated with the period 27t. The 
course of the motion in the phase-plane can best be pictured by imagining this 
plane rolled into a cylinder of circumference 27r. Then as the particle makes on© 
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revolution in its actual circtilar orbit, the corresponding point on the phase 
diagram passes once round the circumierenoe of the cylinder, thereby arriving 
at its starting-point again. 

The various permitted states of the rotator have different p-values, i.e. are 
represented on the phase-plane by parallel straight lines of length 2 it at different 
heights above the g^-axis. The area lying beneath the ? 2 th phase-line is 27Tp„. 
According to the quantum condition, the corresponding area for the next per¬ 
mitted state must be given by 27rp„+, == 27Tp„ + h. Putting P(, = 0 for the 
lowest state (the justification for this will be apparent later), we obtain 

27 tp „ = nh» 


Thus for a particle moving in a circular orbit the angular momentum 
must bo an integral multiple of A/(27r) = 1-04 X 10“^’ erg-sec. The 
kinetic energy of the rotator is 




1 dq 

2tt di ‘ 


Hence, since v 


1 dq 
27t dt^ 


Ekin. = n 


hv 

2' 


where v is the frequency of rotation of the rotator. 

The energy of the rotator is seen to be quantized in half-energy 
elements or half quanta, each of magnitude \}iv. 

The Bohr Model of the Hydrogen Atom. —In its simplest form the 
model is as follows. An electron of charge — e and mass m moves with 
constant linear velocity v or constant angular velocity a> in a circular 
orbit of radius a about a nucleus of charge -j-Ze and mass M. The 
attractive force between the electron and the nucleus is given by the 
inverse square law. The nuclear mass M is assumed to be so large that 
the mass m of the electron is relatively negligible, and no account is 
taken of the change of the mass of the electron with change of velocity. 

For each stationary state there is equilibrium between the electrical 
force of attraction and the centrifugal force acting upon the electron. 
Hence by Vol. I, p. 79, and Vol. Ill, p. 16 we have 

-= mv(x} = moor = ..( 1 ) 

a 0 ? '' 


Now for a rotator the angular momentum 'p must be an integral 
multiple of A/(2 it). Hence 


p = mva = ma^o} = 


277 ’ 


(ii) 


where w is an integer. 


Division of (i) by (ii) gives 
27TZe2 
nh ’ 


oco = 
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which on substitution in (ii) yields the result 

^ ~~ 4iTThn7je^ * ^ nW 

The period of revolution is given by 

_27t __ 

^ Cl> 4:7T^mZ^€^ 

The important result is that the orbital radius a can only assume 
certain definite values and that these are proportional to the squares 
of the natural numbers. The number n is called the quantum number 
of the orbit. 

Since for hydrogen we have Z = 1, the radius of the first permitted circular 
orbit becomes = A*/(4 tc®w€2 ). The corresponding velocity of the electron is 

= 2Tze^lh or, expressed as a fraction of the velocity of light, = -^ = 2ne^l{hc), 
Substituting the numerical values, we get ^ 

Oi = 0-528 X lO-® cm.; ai = 0-00728. 

The atomic diameter thus obtained (about lO"® cm.) is in good agreement with 
experimental results on the size of atoms (Vol. II, p. 53) derived from quite 
different considerations. 


The total energy W of the atom is given by W = Ekin. + Epo^.. 
Now we have 

„ JO ^TT^mZ^e^ 

®kin. = imtr : 


and 


Hence 




P, _ Ze^_ 47r2.nZV_ „ 


W = 


277%ZV 
*2 ‘ n2' 


We see that the energy values of the system in the different states 
are inversely proportional to the squares of the respective quantum 
numbers and are negative in sign. 

According to this the energy becomes zero for n = x, i.e. for an orbit with 
infinite radius, which means that the electron is completely removed from the 
nucleus or, in other words, the atom is ionized. For all orbits of finite radius the 
energy, reckoned relative to this zero, must be negative in sign, i.e, must be lower 
than for the orbit of infinite radius. The energy is lowest for the first quantized 
orbit (n ss 1) and becomes higher as the quantum number increases. Thus we 
arrive in a rational way at the mode of reckoning energy already mentioned on 
p. 18L 
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Energy must therefore be supplied to the atom in order to cause 
the transition of an electron to an orbit of higher quantum number. 
On the contrary, when an electron “ falls ’’ from an orbit of higher 
quantum number to one of lower quantum number, the atom gives 
out energy. 

The model satisfies the experimental requirement that the atom 
shall exist in stationary states of definite energy. It is not compatible, 
however, with classical electrodynamics, because the eh'ctron does not 
radiate electromagnetic energy continuously in the course of its cir¬ 
cular motion. By analogy with the behaviour first observed in con¬ 
nexion with heat radiation, a new assumption is made in this atomic 
model, namely, that there is no radiation from those orbits (stationary 
states) selected by the quantum conditions. 

According to Bonn’s second postulate (p. 176), the emission of 
light is due to the transition from a stationary state or permitted orbit 
of higher energy W,i to another of lower energy the energy dif¬ 
ference being radiated out in the form of monochromatic 

light of frequency v = (W„ — Wto)/A. 

Substitution of the values obtained above for and gives the 
following expression for the wave-number v or v/c: 



where Roo= 27T^m€^l{e¥). 

Inserting the numerical values of the quantities involved, we 
obtain 

= 1-097 X 10^ cm.“h 

The subscript; oo is put in to show that the mass of the nucleus is considered 
to be infinitely great relative to that of the electron. 

In the case of hydrcjgfn (Z — 1) the above formula gives ftjr the p(Tmitt(‘d 
spectral lines the very same frequencies as arc given by the empiri(*al generalized 
Balmer formula (p. 183). The quantitative agn'cment between the calculated 
viilue of the numerical factor R and the observed value encouraged the wider 
application of the theory, in spite of its break away from classical clectrodynamic 
ideas. Many phenomena found surprisingly simple explanations in the light of 
the theory, the inception of which markt^d the beginning of a quite extraordinary 
development of atomic physics. Even the shortcomings which soon became 
apparent in the theory could not stop this development, but merely led to suita ble 
improvements and extensions. 

Fig. 54 gives a diagrammatic representation of the mechanism underlying 
the emission of the different lines of the hydrogen spectrum according to the 
model just described. This is really essentially the same as the diagram of fig. 50, 
p. 185; the latter has the additional advantage that quantitative information can 
be read off directly froni it. 

Nucleus of Finite Mass. —So far the mass M of the nucleus has been assumed 
to be infinitely great relative to m, that of the electron. If this assumption is 
dropped and both masses are regarded as finite, then account has to be taken 
of the fact that the motion of the system takes place about its centre of gravity. 
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which does not coincide with the centre of the nucleus. Both the electron and 
the nucleus now move in orbits about their common centre of gravity, though 
on account of its greater mass the nucleus moves only to a relatively small 
extent. When this etfect is taken into account, the formulae obtained are 
modified in that the reduced mass y. ~ Mm/(M + m) appears in place of m. 
Thus we obtain 


'*■ ~ + m) ~ ^ 


ni 

M 


The significance of this modification docs not lie so much in the small correction 


wliiidi it involves in the value for the Rydbero constant for hydrogen, since this 
correction lies within the limits of error of R as calculated in this way (but see 
later the case of the hydrogen isotope of mass 2). Rather does the significance of 
the modification become apparent in the application of the expression to the 
one-electron systems of other elements, a matter which will now be discussed. 

Spectra of One-Electron Systems.— 

The model described above is not rc- Ultra-violet 

strictod to the hydrogen atom, but Series {Lyman) 


applies quite generally to all systems 
in which one electron circulates about 
a positively-charged nucleus. 8ueh a 
system is, for example, the helium ion 
He^. It has already be(‘n showm that 
the mass t)f the helium atom is four 
times that of the hydrogen atom and 
that its atomic number is Z = 2, i.e. 
that it (u)nsists of a nucleus of mass 4 



with a double positive ehargcj and two Infra-red 

electrons circulating round it. In the Series {Paschen) 


ion one electron has been removed, so Fig. 54 .—Diagram showing the production of the 
that W’e are left with a system consist- hydrogen lines according to the Bohr model 
ing of a nu(ileus of mass 4 with a double 

positive charg(i and only one electron circulating round it. Similar one-electron 
systems are Li ^ ^', Be+++, and the nuclear charges and masses being given 

by the rospe(;tive atomic numbers and atomic weights. As can be seen from the 
formulcT, increase of the nuclear charge Z results in a corresponding detirease in 
tht' radii of the permitted orbits and a large displacement of corresponding lines 
(i.e. lines involving the same (juantum numbers n and m) towards shorter wave¬ 
lengths. Many of the theoretically-predicted lines have actually been found 
experimentally at exactly the; jK)sition8 required by the calculations. In the 
case of He+ the series with the terminal quantum numbers 4 (Pickerix(?), 
3 (Fowler), 2, and 1 are known. The first two linos of the Li"^ scries with 
terminal quantum number 1 and the first line of the corresponding series for 
Be+++ have also been observed (Edlen and Ericson). The last named lies at 
X ~ 75*04 A., i.e. on the border of the X-ray region. 

Every alternate line of the He+ series 


'-“Hi 




coincides with a line of thv^ Balmer series of hydrogen. As we see from the for¬ 
mula, as written above, this coincidence occurs for those He+ lines for w hich n 
is even. For this reason the series in question was previously ascribed to hydrogen 
and half-integral values (^n) were used in place of n. The conditions of produc¬ 
es 957) " 14 
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tion pj ove, however, that the linos are due to helium, and in the following? way it 
was actually found possible to demonstrate that they really do belong to this 
element. There must be a small difference in the frequenci(\s of the nearly coin¬ 
cident He^" and H lim^s because of the difference in the Kydbero constant arising 
from the difference in the nuclear masses. According to the formula givt'n above, 
the Rydberg constant for hydrogen must be smaller than that for beliiim, i.e. 


Rh 


R 


< Rue 


1 


nin 


1 -f- 


4w/n 


Hence the frequencies of the He+ lines must be proportionally greater, i.e. the 
lines must be displaced tcjwards the violet relative to the corresponding H lines. 
Accurate nH*asnrements actually show' this displacement, the obscTved mag¬ 
nitude of w hich is exactly that predicted by the theory (in the visible about 2 A.). 


Spectroscopic Determination of ejm for the Electron. -Since tlie 
RYDitKHU constant K can be (b^tormined very a(‘ciirat(dy from spectro¬ 
scopic data—the accuracy of measurement being among tlie liighest 
yet attained in tbe whole of physics—the result can bo used to obtain 
an accurate value for a quantity iuvolvixl in Ti. It is further possible 
to determine a very accurate value for cjm from spectrosco])ic chder- 
minatiou of Rj, and Ry,. From the formuhe given above, 

_ 

R|l 

Again, the quantity c/'/>/„ (the electro-chemical equivalent charge or 
faraday (Vo\. Ill, p. 157)) is very accurately known. From these data 
the value of cjm can be determin(*d very ])recis(‘ly, using the equation 

e _ e , m 

m * Wj, 

With Rh =- 109,677-759 ± 0-008 cm.-^ and Ry,-: 109,722-403 ± 0-004 
cm."^ we obtain 

(1-761 + 0-001) X 10^ coulombs/gm. 


(cf. Vol. Ill, p. 321). 

Continuous Spectra beyond Series Limits. —Regions of continuous spectral 
emission arc observed on the short-w-ave side of the limits of the Balmer and 
Lyman scries. These are due to the existence of stat(\s of higher energy than that 
corresponding to an infinitely large quantum number. In terms of the model 
these energy states are represented by electrons moving in parabolic or hyper¬ 
bolic orbits. Electrons wdth excess kinetic energy approach the nucleus, curve 
round it once, and then fly off again. Since these motions arc not periodic they 
are not quantized, but form a continuous range of energj" values. If such an 
electron is captured by the ion in the encounter, its final state must be a stationary 
one, i.e. it must take up a quantized orbit. The excess energy w'hich the electron 
possessed before being captured is radiated as monochromatic light; but since 
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all energy stat(*s above that of quantum number w — x arc possible, the observed 
spectrum is the additive result of many such emissions, i.c. is a continuous spec¬ 
trum extending towards shorter wave-lengths from the limit of that series whose 
constant term (lorrcsponds tf) the quantum state in which the electron is captured. 


The Correspondence Principle. —According to Maxwell’s electro¬ 
dynamics, an electron moving in a circular orbit would necessarily 
ra-diate an electromagnetic wave* whose frequency would be identical 
with the orbital frequency (Vol. Ill, p. 622). We may write this 
“classical” frequency as Vci. " ^M where r is the periodic time of the 
orbital motion. In the Bohr atomic model the fr(‘qu(*ncy emitted is 
not coruKcted in this way with an actual orbital frequency, but with 
the energy ditference betwecui stationary states. But we know that 
the laws of chissical electrodynamics are satisfactorily obeyt^d in the 
case of long cdectromagnetic waves (say from A —- O-Ol mm. upwards). 
Hencci it is to be exj)ected that if the* Bohr atomic model ri‘ally does 
re])resent the essential features of the behaviour of atoms, it will 
a])])roxiniat(‘ to the classical moded for these relatively low frequencies. 
This, indeed, is actually the case. 


h'or transitions between ([uantum numbers which are rchitively very high 
(c'.g. 21 and 20) the emittc'd frequency coincides very nc^arly with the actual 
fr(*(|uencies of rotation of the (dectron in these orbits. If v - vc is the frequency 
in sec.~^, we may write 




(w 



cJ{7J 


Where A^^- is small compared Avith u (e.g. 1 compared with 20), we have approxi¬ 
mately 




2 Aw 

.„3 » 


or if A?? = 1, 


V 


2rKZ2 


Now according to p. 191 


1 ^ ^ 2RcZ3 

T 7iV 


But 1 /t “ Vci., so that we have Vd.. For high quantum numbers, therefore, 
the frequency of the light emitted Avhen there is a change of unity in the quantum 
number asymptotically tends to the frequency of rotation of the electron in tluf 
orbits concerned. If Aw > 1, but Aw still then 

2RcZ2 . . 

V ^ i^n — Vci Aw, 
ir 


i.e. in the region of very high quantum numbers the quantum transitions in w hich 
the quantum number changes by several units correspond to the respective over¬ 
tones or harmonics of the orbital frequency of the electron. 


From this analogy Bohr drew a very important conclusion, known 
as the correspondence principle, which was of great importance in the 
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early stages of the development of the theory of atomic structure. 
It may be expressed as follows: Far large quantum numbers n the 
behaviour of the atom asymptotically tends to that which would he expected 
on the basis of classical electrodynarnics. For large quantum numbers, 
therefore, it is possible to calculate the intensities .and ])ol.arizations of 
the emitted radiation—properties about which the .atomic model, as 
hitherto described, tells us nothing. For smaller quantum numbers 
those calculations remain approximately valid, i.e. the classically- 
computed data on intensity and pol.arization can be transferred approxi¬ 
mately to the corresponding lines given by the atomic model. 

Thus the correspondence principle is only an .apjiroximate rule, 
and it involves many indeterminacies which cannot be discussed here. 
The problem of the direct calculation of the intensity and polarization 
of the light emitted by an .atom was first solved in a different way 
(p. 272); but the correspondence principle was of V(Ty great service 
in the development of the theory. In p.articular, it enables us to predict 
with certainty which transitions .are forbidden, i.e. it leads to certain 
selection rules, as required by experiment (p. 180). Actually the follow¬ 
ing general rule is found to hold: A spectral line is forbidden in emission 
if the corresponding harmonic component does not occur in the Fourier 
series of the classical periodic process. Some exam])les will be dealt 
with later (]). 204). 

All important conseqiienco of this may bo pointed out here. The ])oriodi(; 
proo(?s-». as far as we have hitherto treated it, is a circular orbital motion, the 
orbit being given by x -- a eos2rvci./, n ~ o sin 2:7 Vd./, where vd. -- 1 /t. The . 
emitted spectrum consists of the fundamental only; the amplitudes of all the 
harmonies 2v, 3v, . . . are zero. As seen by an observer in tlic' ;:>dir(‘etion, the 
liglit is circularly polarized. Now the transitions An > I correspond, as was 
noted above, to the harmonies of the transition An ■— ]. Thes(‘ harmonics are 
absent in the case of the cinailar orbit, and w(^ must therefore conclude that 

quantum transitions with An 1 arc forbiddcm when the orbits are circular. 

Actually, however, transitions with An > 1 are observed as the higher members 
of series. This must mean that our .atomic model is too simple and requires modi¬ 
fication. The necessary modification may be introduced by allowing elliptic 
orbits for the electron. The periodit^ processes in the x- and y-directions can then 
be analysed into Tourier series (Vol. IJ, p. 223), namely 

x~ a cos27tv/. -f- a/ coB4Tzvt + a" cosb:rv^ ... 

y — b sin 2 Tuv^ -f- h' sin 47 rv^ + V' sin() 7 tv< -{- ... 

Thus all the harmonics are present as harmonic components. Hence by the corre¬ 
spondence principle all transitions between elliptic orbits are permitted, though 
of course with different probabilities. We must therefore go on to consider this 
modified atomic model. 

Atomic Model with Elliptic Orbits. —From the existence of sharp 
spectral lines it is obvious from the start that the same quantization 
must hold for elliptic orbits as for circular orbits, i.e. only certain 
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ellipses (stationary states) out of the continuous range to be expected 
on classical principles are possible. We have accordingly to find the 
quantum conditions. 


An (ellipse is determined by two parameters, e.g. by its major and minor axes 
a and h respectively. "Jlius we have a system with two degrees of freedom and 
must therefore consider two phase integrals (see p. 188). It is convenient to 
introduce polar co-ordinates, i.e. to c;haracterize each point on the orbit by means 
of (i) the magnitude of the radius ve(!tor to it from the focus, and (ii) the azimuthal 
angle 9 described by this radius relative to some zero position. The quantum 
conditions can then bo wiitten: 


n^Ji and ^p^dr = n^h 


(see T'. 1 7'hus we rfjsolve the motion into two periodic motions, a non-uniform 
circular motion and a non-harmonic oscillation along the radius vector.* The 
motion is completely analogous to that of a planet in its orbit. According to the 
lh(*orem of equal areas for (tentral orbits (Vol. 1, pp. 51 and 174), the angular 
momentum p^, is constant, i.e. p^ = mr^dts^jdl ™ const. Hence the value of the 
phase int(‘gral is given by 

(^9 = 27rp</. = n,/A. 


The radial momentum, p^ mdr/di, is not constant, and the phase integral 
can only be calciulated by more complictated methcKis. 'J’he result obtained is 


where s is the numerical eccentricity of the ellipse. Putting -f = n, we 
obtain the value 



from the above (‘(piation. 

'Ihe orbit ^^'ith //,/, — 0 , for which the electron would oscillate on a straight line 
through the nucleus, is here excluded as having no physical meaning. Hence 
71^ can only assume the values 1 to n, while can only assume the values 0 to 
(a — 1 ) (see p. 207). The sum of a,/, and i.e. w, is called the principal quantum 
number. 

We are particularly interested in the shapes of the permitted ellipses and the 
energies of the atom in the corresponding stationary states. We may proceed in 
essentially the same manner as for circular orbits. At every point of an orbit 
there must be equilibrium between the electrical force; of attraction and the 
centrifugal force. In particular we consider aphelion (i.e. the position of greatest 
distance from the nucleus), distinguishing the quantities relating to this point by 
the subscript A. We have 

mvj^ _ Zc® 

”^a ' ~ r/ 

* The two quantum numbers w</, and Uf are often referred to as the azimuthal and 
radial quantum number respectively. 
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where pA is the radius of curvature of the orbit at the point A. Now for an ellipse 
it can be shown that 

Pa = ** = «(I — e®) 


and tliat 


Hence we may write 


a(l + s). 
^(1 ~ z^) '^ aHl H- 


As in the case of circular orbits, we must also apply the quantum conditions. 
We have seen above that one of these mav be written 


Since is constant, we may substitute in this the value for aphelion, i.e. 
7nr^d(^Jdt. Now the element of an^^le dn^ is equal to ds/r, where ds is the corre¬ 
sponding element of arc on the orbit. Hence we have 

<hA ^ 1 fAs* A ^ 1 . 

dt /-A dt 

The value of p^ at aphelion is therefore w/rA^?’A/^A—the quantum 
condition above becomes 

Substituting rA = a(l -|- e), we obtain 

2Kma(l z)vj^ — n,f,h, 

which is an expression involving both the (|uantum numbers and since £ 
contains n^. Squaring and substituting the value of from equation (i) at 
once gives 

“ ‘ inhnZe^l - 

whence, by substituting the value of (1 — e’"’) from above, wc have 

a — 

47u^wf.Ze‘^ 

Utilizing the rtdation = »-(1 — e®), we obtain 

0 ~ a ‘-i . 

71 

To calculate the total energy W we may again use the values at aphelion, 
since W is constant. We have 

W ~ Ebin. + , 


which, if we substitute the values of Va^ and r^, becomes 

w = ^ ^ _ Ze» 

2 mtt(l -f e)2 a(i -jl e) 2a 

Inserting the value obtained above for a, we finally obtain 

W — 2n^mZ^e* 1 
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An exactly similar calculation to that given on p. 191 for circular 
orbits shows that the wave-number of the light emitted when a tran¬ 
sition between two stationary states takes place is given by the formula 

where the constant R has the same value as before. The impor¬ 
tant point of this discussion is that the total energy of a permitted 
elliptic orbit is determined solely by the principal quantum number 
and is equal to the energy of the corresponding circular orbit. Thus 
all ellipses with the same principal quantum number have the same 
energy, no matter what their shape is. According to the model, there¬ 
fore, a given spectral line may be produced by a number of different 
but equivalent transitions, between which the model (as hitherto con¬ 
sidered) gives no means of distinguishing. Although the system pos¬ 
sesses two degrees of freedom, one quantum number suffices to deter¬ 
mine the permitted energies. Such a system is said to be degenerate. 
The degeneracy is removed, i.e. the previously equivalent states be¬ 
come distinguishable and different as regards energy, when external 
electric or magnetic fields are superimposed upon the Coulomb field. 
In the case of compli(iated atoms the internal atomic field may suffice. 
Under these circumstances the lines emitted by different transitions 
between the same principal quantum numbers no longer coincide. 


It is a matter of importance for subsequent work to consider in more detail 
the different types of orbit which correspond to a given principal quantum 
number. We have n -j- the case w,/, ~ 0 being excludtd (see above). 
It follows at once from the eccentricity formula above that wh(‘n 0, i.e. 

n the orbit is circular. For uniformity with the customary spectroscopic 

notation (the justification of Avhich will become aj)parcnt on p. 267), it is con¬ 
venient to use the quantity I — — 1 in.stead of n,f,. This numbt^r /, like 

can assume all values from 0 up to (n — 1). The numbers I, and n are con¬ 
nected by the formula 

Z -f ^ — n — 1. 

The possible values of Z, w,., and the major and minor axes of the elliptic orbits 
corresponding to different principal quantum numbers n, are therefore as follows; 


n 

1 

2 


3 


1 


a 

b 

0 

0 

tti 

ai 

0 

1 

4o, 

2rti 

1 

0 

4a ^ 


0 

2 



1 

1 

Or/j 

6cfi 

2 

0 

9o, 

dOi 

0 

3 


4ai 

1 

2 

IGaj 

8®! 

2 

1 

16ai 

12a, 

3 

0 

16^1 

IGa, 


4 
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The ellipses are drawn to scale in fig. 55. The niimbcirs attached to the different 
orbits give the corresponding values of n and L Thus 3i means = 3, / = 1. 

We see that the orbits with Z = 0 differ most from circles. Hence it is for 
these orbits that we shall expect external fields to have their greatest effect in 
splitting up energy states which are otherwise indistinguishable. 


Effect of the Variability of the Mass of the Electron.— For elliptic 
orbits, as for circular orbits, we have seen that the energy depends upon 
one quantum number, the principal quantum number. According to 
this every transition between two given j)rincipal quantum numbers 
must correspond to the same energy (i.e. must give emitted light of 
the same frequency), no matter what the shapes of the orbits. Actually, 
however, experiment shows that the lines of the hydrogen spectrum 
are not simple, but consist of assemblages of very close components: 



Fig. 55.—Elliptic orbits for a onc- 
electron system 



they are said to possess ^ fine strndme (compare Vol. IV, pp. 194, 197 
also Plate XV, facing p. 196). Fig. 56 show^s the fine structure of the 

line arising from the transition 




for the helium ion He+. 


which is also a one-electron system with the same model as H. The 
model, as hitherto considered, is thus unable to account for all the 
features experimentally observed. This is presumably due to the sim¬ 
plifying assumptions which have been made. One of these assump¬ 
tions is that the mass of the electron is constant. It has been 
experimentally shown that the mass of the electron increases with 
increasing velocity (Vol. Ill, p. 322, and this volume, p. 227). 
Now of all the orbits with a given principal quantum number the 
circular orbit has the greatest circumference. Since the time of 
revolution is the same for all the orbits with a given value of w, 
the average velocity of the electron, and hence its average mass, 
must be greatest for the circular orbit. This variability of mass 
may be exi)ected to affect the energy values of the variously-shaped 
orbits, and calculation shows that this is actually the case. If Wq 
is the energy obtained without taking account of the variability 
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of mass, the value W obtained when due account is taken of it was 
proved by Sommerfeld to be 


W=Wo 1 + 


1^7?/n _ 3\1 

4/J 


where a, the fine structure constant, is the velocity in the first Bohr 
circle expressed as a fraction of the 

velocity of light, i.e. a—2TTe^j{hc), ^ 

Thus the degeneracy is removed by 
the variability of tlie mass of the 
electron: W is no longer determined 
solely by n. In the elliptic orbits the 
change of mass of the electron with 
velocity is particularly evident where 
th(^ V(docity is greatest, i.e. in ]jeri- 
helion (the position of closest approach 
to tlie nucleus). The result is that 
the electron does not retrace exactly 
the same orbit at each successive 
revolution, but moves in a rosette 
(see fig. 57), By what has been said 
above, the term displacement arising 
from the variability in the mass of the electron is given (in cm.“^) by 



Fig. 57.—Effect of the variation of 
the mass of the electron with velocity 
upon the nature of the orbit. 


AT = Ka2 


n 


3 > 

4 ^ 


5-82 




cm. 


“1 


For hydrogen the effect is of the order of magnitude of fractions of 
1 cm.“^, but it increases very rapidly as Z increases. 

It is found that this refinement of the model does actually account 
for experimental observations. But the model still has defects. These 
are to a large extent removed by the introduction of the idea of 
electron spin (see pp. 210, 312). The theory of the electron which 
is most widely acc^epted at present is that due to Dirac, whose treat¬ 
ment takes account of the theory of relativity. 

Spatial Orientation of the Electron Orbits. —If a special direction is 
fixed in space, e.g. by the application of an external electric or magnetic 
field, the energy of the individual orbits depends on their inclina¬ 
tion to the direction of the field as well as on the strength of the field. 
Experiment shows that in these cases (Stark and Zeeman effects) 
there is a splitting up of the emitted spectral lines into a number of 
sharply-defined monochromatic components. From this we must 
conclude that there is a quantum condition which permits only certain 
discrete orientations relative to the field-direction out of the con¬ 
tinuous range to be expected from classical considerations. 
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Hence for the solution of this problem we require three quantum numbers, 
corresponding to the three degrees of freedom of the system in space. To begin 
with we shall assume that the external field is extremely weak, so that it may 
merely serve to fix a special direction in space without appreciably altering the 
energy values of the sj^stem. The motion therefore is confined to one plane, and 
the orbit is an ellipse, as before. 

The position of the orbital electron in space may be expressed by means of 
the three-dimensional polar co-onlinates r, 0, and (radius, colatitude, and longi¬ 
tude respectively). Hence there arc three phase integrals and three quantum 
conditions to be fulfilled, namely 


^ped^ nth; <^p^d-\) = nji; n^h. 


Of these the radial phase integral is identical with the corresponding integral for 
the plane problem, provided that (as is assumed hen') the external force is sulii- 
ciently small. In plane polar co-orvlinates the kinetic enorg}’^ is (p. 197) 





d9\ 

dt)' 


Since the energy is assumed to be unaltered by the external field, this must be 
equal to the kinetic energy expressed in the spatial co-ordinates, namely 



From this it follows that 

Pi,d^ — p^d^ 4 ' ped^, 
and the same holds for the integrals. Hence 

-I- ne. 


The quantity p^ is the angular momentum about the direction of the field 
and must be constant for a stationary state. Hence the corresponding quantum 
condition on integration becomes 

h 


Pip == Up 


27Z 


This angular momentum pp may bo represented as a vector of corresponding 
length in the direction of the field. Similarly, the total angular momentum pp 

may be represented as a vector of magnitude pp = mr^co ~ j ^ normal to the 

plane of the orbit (see fig. 58). Then pp is equal to the resolved part of pp along 
the direction of the field, i.e. 

Pp ~ Pp COSOL, 

where a is the angle between the direction of the field and the normal to the plane 
of the orbit. Hence the above quantum condition can be formulated as follows: 
the resolved part of the resultatd or total angular momentum in the direction of 
the field must he an integral multiple of h/(2n). 


The result derived from the model is therefore as follows: the plane 
of the orbit can only set itself at certain definite angles to the special direo 
tion in space fixed by the field. These permitted angles are such that the 
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projection of the total angular momentum on the field direction is an 
integral multiple of hjijlrT). 

The total angular momentum is itself an 
integral multiple of A/(27r), being given by a 
quantum number which we may call j. Fig. 

59 shows that the projection of a vector of 
integral magnitude j on the field direction 
may assume the integral values -\-j, (j — 1), 

(j — 2). .. (2 —j), (1 — i), —j, i.e. altogether 
(2j 4“ 1) different values. Hence a total 











Fig. 5S,—Vectorial representation ot 
orbital angular momentum 



'is- 59*—Integral pro- 
tions of an integral 
vector (; 4). 


angular mom<‘ntum determined by the integral quantum number j 
may take up (2j + 1) permitted orientations relative to the direction 
of the field. 



Fig. bo.— Zeeman splitting of 
the 4269-4 A. line of tungsten in 
a magnetic field; on the left the 
s-components, on the right the 
/>-components. The central line 
of the /)-components coincides 
with the undisplaced line. 



Fig. 61.—Larmor preces¬ 
sion in a magnetic field 


The Atomic Model in a Magnetic Field (Zeeman Effect). —As an 

example of an external field we shall first consider a weak uniform 
magnetic field. When such a field is applied to a source of light, it is 
observed that the previously simple lines of the emitted spectrum are 
split up into several close components (Zeeman, 1896). Fig. 60 shows 
photographs of the Zeeman effect. 
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The explanation of this behaviour is as follows. According to Larmor, the 
effect of a uniform magnetic field on the plane electron orbit (see Vol. Ill, p. 448) 
is to cause the plane of the orbit to process (Vol. 1, p. 158) about the direction of 
the field, so that the normal to the plane of the orbit describes the curved surface 
of a cone with its axis in the direction of the field (sec fig. fil). To an observer 
looking in the direction and sense of the lines of force, the sense of precession 
appears clockw’ise. 1'he frequency of the Larmor precession is (if we write (x for 
the mass of the electron) 

e H 

vl-- . ; 

[JL 4Trc 

if H is expressed in gausses, the corresponding wave-number (in cm.~^) is found 
to be vl - 4-70 X 10-® H. 

If 11 has a finite value, there wdll be a change in the kinetic energy of the 
orbital motion. This cliange is given (Debye, Sommerfelb, 1916) by AE — 
w here m stands for the possible values of n^. 

Consider tw’o states with the quantum numbers 7i and n\ In the absence of 
the field their energies are and E„' and ihe frequency emitted by a transition 
between them is given by /iv = E„ — E/i'. In presence of the field the energies 

become respectively (E„ -f and 

(ji],/ 4- wi'/ivj^), and the emitted frequency 
(a) hngihuliruil I I ^ii is given by hvn = E„ -1 rnhvi, - E„ — 

wViVf,. Hence the change of frequency 
1 II i caused by the field is Av — vu — v = 

{bj Transverse | I | (m — w')vl. If the maximum possible 

magnitudes of 7n and ni' are rcspec- 

-tively j and j', we may expect to find 

a pattern of spectrum lines with the 
Sense of (UrcLilaUm,ofeUctroncarrer^ following frequency displa(cements rela- 
inth£cnaprvduxuJ^yawmn^rwlUfk^d to the field-free line: 0, 4; Vl, 

Fig. 62-—States of polarization in the i2vi„ . . . ±(i -i /)vl. 

“ normal ” Zeeman effect In actual fact, liowevcr, experiment 

shows that the whole array of lin(‘s docs 
not ahvays appear, but that often only the field-free line and the tw o components 
ztvj, are observed (the so-called normal Zeeman effect). The reason for this can 
be derived (see below) by an argument based on the correspondence principh'. 

The three lines just mentioned only occur when the direction of 
observation is at right angles to that of the lines of force (so-called 
transverse effect). In this case the outer components are polarized in 
such a way that their electric vector is normal to the lines of force 
(so-called s-components), while the electric vector of the central undis¬ 
placed line is parallel to the lines of force (so-called p-polarization). 
When the effect is observed along the direction of the lines of force 
(so-called longitudinal effect), the undisplaced line is completely absent. 
Only the two displaced components appear, and they are circularly 
polarized in opposite senses, the longer-wave component being circu¬ 
larly polarized in the same sense as that of the circulation of the elec¬ 
trons in the coil which is used to produce the magnetic field. These 
states of polarization are represented diagrammatically in fig. 62. 

Some account of the observed phenomena can be given even on a classical 
basis, in particular the polarization of the lines. If the atom is regarded 
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as a source of electromagnetic waves, the motions of electric charges to which 
these waves are due may be resolved into two components, parallel and perpen¬ 
dicular to the direction of the field. The field has no effect on the component 
which is parallel to its own direction. Now an electric oscillator does not radiate 
in the direction of its own oscillation (Vol. Ill, p. 626). Hence it follows that the 
undisplaced line must be missing from the spectrum as viewed along the lines of 
force (longitudinal effect). This line must be visible, however, if the spectrum is 
viewed normally to the field direction (transverse effect) and must be plane- 
polarized with its electric vector parallel to the direction of the field. These 
conclusions are in figreement with experiment. The direction of the field may 
be taken as the ;:-direction, so that the plane normal to it is the ir/y-plane. In 
consecjuence of the Larmor precession a processional frequency is superimposed 
upon the x~ and y-components. The states of polarization of the corresponding 
lines can be deduced by considerations similar to those given above. The fact 
that only three Zeeman components appear, instead of the which would 

at first sight bo expected, can be a.c(;ounted 
for in the following way. The ^-component 
of the electromagnetic “ transmitter ” (i.e. 
the oscillation in the direction of the lines 
of force of the field) contains, as explained 
above, only the UTidis])laced frequency. 

Hence, since no Fourier components in¬ 
volving vl occur in this oscillation, the 
corresponding quantum number ni must 
remain constant for all transitions for 
which the light is pf)Iarized with its electric 
vector parallel to th<5 direction of the field, 
i.e. for the y;-components w(^ must have 
Am -- 0. In the a*- and y-directions, on the 
other hand, the processional frequency Vj, is 
8 Uf)erimposed, so that the corresponding 
Fourier series contain the term 27rvj,/. '.riie 
eo(^ffieients of this term are -pi and —1; 
for only in very intense fields need account 
be taken of the harmonies. Hence only the 
frequencies Vl enter into the Zeeman effect, or, in ()thcr words, the quantum 
number m can only change by ^1 for the components which are polarized with 
their electric vector at right angles to the direction of the field. I’hus for the 
^-components we must have Am = j|-l. 

Fig. (33 shows the possible ineliiiations of a half-integral vector j 
(j — i and j -- §) such that its projections upon the special direction 
fixed by an external field differ by integral amounts (compare fig. 59, 
p. 203). As will be seen later, these cases are also of importance. 

The Stern-Gerlach Experiment. — In 1921 Gerlach and Stern 
carried out experimental investigations into the way in which free 
atoms orient themselves in a magnetic field. The underlying idea 
is that of shooting a sharply-bounded beam of atoms through a 
non-uniform magnetic field (fig, 64). Since each atom contains 
circulating electric charges, it must have a definite resultant 
magnetic moment. In certain cases the magnetic moments due to 
the different electron orbits may balance one another so as to give 



Fig. 63,- - Possihle orientations of a 
half-integral \ector - J and j — .ij) 
^o as to give projections with integral 
differences. 
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a zero resultant. When an atom of magnetic moment comes into 
the magnetic field, the plane of its electronic orbit (or, more accu¬ 
rately, the angular momentum vector j to which its magnetic moment 
is due) must orient itself relative to the direction of the field in the 


manner discussed above. If the field is non-uniform (as in the Stkrn- 
Gerlach experiment), there will be a resultant force on the atom of 


magnitude P — 


cos a, where s is the distance measured along the 


lines of force and a is the angle between the lines of force and the 


magnetic moment /x (cf. Vol. Ill, p. 431). If ev^ery orientation is per¬ 


mitted, then P will be able to assume every value between +/x 


0H 


Those atoms whose orbital planes are in the direction of the lines of 
force of the field (or, better, whose total angular momentum vector j 

is normal to the lines of force) will ex- 



j)erience no force (cos a — 0) and will fly 
tlirough the field undeflected. On the con¬ 
trary, those whose y-vector is [)arall(4 to 
the lines of force will experience the maxi¬ 
mum force (cosa—l). Moreover, the 
sense of this force will be either positive or 
negative, ac(5ording as the j-vector is set so 
that its sense is th(^ same as that of the 
lines of force or o])posed to it (so-called 
parallel and antiparallel orientations). If 
all the intermediate orientations arc^ also 
possible (in which case, according to our 


Fiff. 64.— Diagram of the ex- modcl, the Orbital plaiics will process about 


perimental apparatus for inves¬ 
tigating the spatial orientation 
of atoms in a magnetic field. 
D, source of atoms; B, B', 
screens with apertures; P, plate 
on which trace is received. 


the line of the field), the initially sharply- 
bounded atomic beam will be diffuc.ely 
broadened after passing through the non- 
uniform field. If, on the other hand, 


only a certain number of definite orienta¬ 
tions are permitted, then the force P can only assume certain 
definite values and the beam after passage through the field will be 
found to be split up into a corresponding number of sharp com¬ 
ponent beams. The actual form of the beam can be made visible 
by receiving it upon a plate and then suitably treating the trace so 
obtained. 


The atomic rays are produced by the method described in Vol. II, p. 53. 
The non-uniform magnetic field can bo produced by using a wedge and a grooved 
block as pole-pieces (see fig. 64). The treatment of the trace of the beam varies 
according to the kind of atoms used. Silver atoms can be caught upon cooled 
glass and then rendered visible by development. The quantitic'S directly deposited 
are too small to be clearly seen. Hydrogen atoms are allowed to impinge upon 
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a glass plate covered with molybdenum oxide. The oxide is thereby reduced and 
the trace becomes visible on account of the blue colour produced. 

(Calculation shows that each atom moves in a parabola. The deflection d of 
the atom leaving the field region is found to be 


ds 


cos a 


7nv^' 


where I is the distance traversed in the field and m and v are the mass and the 
velocity of the atom resp(‘etiv(‘ly. The field gradient can be measured by 

means of the change of resistance of a bismuth wire placed in the direction of 
the atomic beam (st^e Vol. Ill, p. 247). Hence the formula gives the value of 
(JL e-os a, since all the oth(‘r quantities involved arc measurable. A certain dilfusc- 
ness is unavoidable owing to the velocity distribution of the atoms; but the mag¬ 
netic splitting can be made reiaciveiy so grcaL that this is of secondary importance. 

The Stekn-Geklach experiment fields the remarkable result that 
the initially sharply-bounded atomic beam is split up by the non- 


30/, 


ft- 

. '-vl 

: ■' 

ii.: 

'V' '''' 




Figs. 65 and 66.—Results of the experimmt of Stern and Gerlach on the 
spatial orientation of silver atoms in a masmetic lield. On the left is the trace with 
the field off; on the right the trace with the field on. 

[From Sommerfcld, Atombau und Spektrallinien (Vieweg, Brunswick).] 


uniform magnetic field into distinct components. According to what 
has been said above, this can only mean that the atoms must take 
up certain definite orientations relative to the direction of the field. 
Figs. 65 and 66 show reproductions of the first exposures, which were 
made with Ix'ams of silver atoms. In fig. 65 the magnetic field is off. 
In fig. 66, taken under similar conditions except that the field is 
switched on, the central region is completely free from atoms, the trace 
being split into two more or less sharp components. At the top and 
bottom the lines run together owing to the decrease of the variation of 
the field towards these edges. The irregularities in the trace near the 
middle (projection towards the side) are due to the great variation of 
the field in the immediate neighbourhood of the wedge-shaped pole- 
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piece. In the original the separation of the components amounted to 
0T-0T5 mm. The traces of figs. 65 and 66 lead to the conclusion that 
the silver atoms must set themselves parallel and antiparallel to the 
field (i.e. cos a == +1 and — 1) and that no other orientations are possible. 

The Magneton. —The total mechanical angular momentum p of an 
electron circulating in an orbit is related to the magnetic moment /x 
of the corresponding circulatory current by the equation (with e in 
electromagnetic units) 



which follows from ordinary electrodvnamics fVol. Ill, p. 445). Now 
in atoms p is quantized: p~jhl(27r). The magnetic moment /xj 
corresjionding toj= 1 is given bv 

eh 

iinn 

and therefore involves fundamental constants only. The value of 
which is called the magneton (more precisely, the Bohr magneton), 
is /ij = 9*23 X 10~2i gauss-cm. Frequent use is made of the corre¬ 
sponding quantity referred to the gramme-atom or gramme-molecule 
instead of to the single atom. The two are related by the equation 
Mb = /XjN = 5564 gauss-cm., where N is Avogadro’s number. 

Substitution of | cos a | — 1 in the results of the Stern-Gerlach 
experiment gives a value for fi within 10 pcir cent of the value calcu¬ 
lated above for /xj. This proves that the quantity /x^ really has a prac¬ 
tical significance and that the magnetic moment of the silver atom is 
one magneton. We shall see later, however, that the magnetic moments 
of atoms are not alw’ays integral multiples of the magneton. The actual 
numerical values involve fractions lying between 0 and 2 and repre¬ 
senting the ratios of integers (usually not very large) which can be 
determined from the structure of the atom. A more detailed account 
of the problem will be given on p. 317. 

Since the silver atom has a very complicated structure, the con¬ 
siderations so far advanced do not enable us to draw any further con¬ 
clusions from the experimental results just described (but see later, 
p. 346). Special interest attaches, therefore, to the experiments on 
beams of hydrogen atoms (Wrede, Phipps, and Taylor, 1927). Fig. 
67 shows the result obtained. The slanting line on the right is the 
trace obtained in the absence of a magnetic field, while the double line 
to the left is the corresponding trace with the field on, the plate having 
been turned between the two exposures. The effect is the same as for 
silver atoms, namely, two lines displaced in opposite senses and no 
undisplaced line. Hence it follows that the hydrogen atoms must set 
themselves with the vector of their magnetic moment either parallel 
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or antipnrallel to the field. The value of the magnetic moment, as 
deduced from the observed effect, is found to be one magneton (within 

about 10 per cent). _ 

This result is at variance with the de¬ 
ductions made above from the atomic model. 

The ground state of the hydrogen atom has 
the quantum number n—\, and hence, 
according to fig. 59, p. 203, we should 
expect three possible orientations—the two 
actually obsc^rved, and in addition the i 
orientation with m~0 (i.e. the undisplaced 
beam). The non-appearance of an undis- 
placed line proves that the angular momen- atoms°™a"mIgnet"cS“®™ 
turn of the electron in its orbit is not 

determined by the quantum number n of 1927 (Springer, Berlin).] 
the model. This is the reason why the 

special symbol j has been introduced for the quantum number 
involved. 


What value of j is compatible with only two possible projections 
upon the field dir(‘ction, the parallel and the antiptarallel ? If we hold 
to the rule (bas(‘d upon experimental rc^sults) that the differences 
between the projections of the total angular momentum on the direc¬ 
tion of the field must be integral, then we are led to assume haff integral 
value's of j and the exclusion of the orientation in which j is at right 
angles to the field (i.e. in which m = 0 and the beam is undisplaced). 
The consequences of these assumptions for the cases j ~ | and j = | 
are showrn in fig. 03, p. 205. 

Thus the experimental results lead to the conclusion that the total 
angular momentum is not an integral multiple of h/{'27r), but on the 
contrary exceeds this by 4A/(27 t). Hence it is necessary to add to our 
atomic model an angular motion with the angular momentum 
As was suggested in 1925 by Uhlenbeck and Goudsmit on the basis 
of other experimental data to be discussed below^ (p. 312), this motion 
can only be an internal motion of the electron itself. An intrinsic 
spinning motion of the electron was assumed by J. Stark in order to 
explain the process of light emission. The above experiments, like 
those treated in Vol. Ill, p. 444 and others to be discussed later, indi¬ 
cate that an angular momentum of JA/(27r) must be ascribed to the 
electron. Since this rotatory motion of the electron (so-called electron 
spin) represents a circulation of electricity, it must be associated with 
a magnetic moment. According to the experiments described above 
and others to be discussed later (p. 318), this magnetic moment is 
exactly one Bohr magneton. 

Now the magnetic moment of the hydrogen atom deduced from 
the experimental result of fig. 67 is only one magneton. According to 

(e957) *5 



210 


LIGHT AND MATTER 


the atomic model adopted hitherto, this moment is due to the orbital 
motion of the electron. In view of the undoubted existence of the 
spin-moment, we should expect a total moment of two magnetons or 
zero, according to the orientation. Experiment, how^ever, shows that 
the atom possesses a moment of one magneton—a result which leads 
to the conclusion that the orbital motion of the electron in the ground 
state must confer no moment upon the hydrogen atom, i.e. must have 
no orbital angular momentum. This conclusion, however, is quite 
incompatible with the model we have set up. 

Shortcomings of the Bohr Atomic Model. —We see, therefore, that 
the model hitherto adopted is incapable of providing a satisfactory 
explanation of observed facts. It is not possible to incor])orate in it 
the spin of the electron, \vhich is required by independent data; for 
over and above th(^ energy changes due to the variability of the elec¬ 
tronic mass, which gives a good explanation of the fine structure of 
the hydrogen lines, the addition of the electron spin brings other eiKTgy 
changes which are not in agreement wdlh ex])eriment. A solution of 
this contradiction is not j)ossible in terms of the Bohr atomic model. 

There are also other experiments which indicate that in th(! ground 
state the structure of the hydrogen atom must be difterent from that 
pictured above- that it must, as in fact we wer(^ led to conclude, be 
without vectorial orbital angular momentum. 

The question whetluT the hvcirogen atom possesses the flat, disc-like shape 
required by the Botir model can be investigated exj)erimentaJly as follows. 
Hydrogen atoms (from hydrogen canal rays) are shot into a crowd of gas mole¬ 
cules at rest. The H-atoms penetrate a certain distance into tlie gas, until lliey 
have given uj) all their excess energy. The extent of this penetration, considt^red 
as a problem of diffusion by the kinetic theory of gases, depends cm the cross- 
section of the H-atoms (Vol, III, p, 307). Hence the considerations advanced 
above would lead us to predict that the extent of penetration would he diminished 
if the experiment were repeated with a magnetic; field in the direction of tJie 
atomic beam. For on the theory that the magnetic moments of the atoms are 
due to the orbital circulation of their electrons, tlie atoms must set tliemsc'lves 
with the plane of thedr electron orbits normal to the direction oi the beam and 
so present the full area of their discs to the gas moJecides in the collisions, i.c;. must 
show a greater cross-section than they do in the absence of the field, whem tlicdr 
orientations are random. The actual experimental performance of this test gives 
the result that the effective cross-scction of the hydrogen atom is the same with 
the field as w ithout. 

Thus hydrogen atoms behave as if their cross-section were unaffected 
by the experimentally-proved quantized orientation of their magnetic 
moments in a magnetic field, i.e. as if they were spherically symmetrical. 

A further difficulty is the fact that the Zeeman splitting for hydro¬ 
gen in weak fields does not give the normal ” pattern of three com¬ 
ponents as shown in fig. 62, p. 204, but a more complicated pattern. 
Only when the field is made very strong does the pattern become 
transformed into the “ normal ” triplet. 
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So far we have only mentioned the difficulties connected with the 
hydrogen atom. The difficulties which present themselves in connexion 
with atoms of more complicated structure increase in seriousness as 
the spectra are studied in greater detail. Some alteration of the atomic 
model is therefore essential in order to make it consistent with the 
facts. It has been found impossible to obtain satisfactory results by 
modifying or extending Bohr’s model; the only possible step is to 
set up a completely nc^w one. The new theory, which is much more 
nearly r(‘lated to classical ideas and therefore from the very start 
avoids the inflexibility of the Bohr model, was put forward by S(ihro- 
niNCJER in 1926. The results deduced from the Bohr model can then 
be r(^garded as a first approximation. But the new so-called wave- 
mechanical model is relatively difficult to visualize in a pictorial 
manner; hence Bohr’s mode of description, from which the essential 
features of atomic phenomena can be rapidly and readily made out, 
is still frecjueiitly used. Moreover, it is possible to go quite a long way 
with the Bohr mod(d without coming into disagreement with facts, 
provided that certain modifications are adopted in the allocation of 
quantum numbers and corresponding corrections are a])plied to the 
conclusions arriv(*d at. These modifications do not form a ])art of the 
Bohr theory itself, but follow necessarily from the wave-mechanical 
tlu'ory. Before we can go any further into the details of atomic- struc¬ 
ture*, we must become acquainted with the new wave-mechanical 
model (see next chapter, ]). 257). 

Effect of Electric Fields (Stark Effect with Hydrogen Atoms). —In 

1913 8tark found that the wave-length of the light emitted by atoms 
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Figs. 68 and 69.—Stark effect, for the Ha and H 3 lines 


is altered by the application of an electric field to the source. The 
originally simple lines of the spectrum are split up into numbers of 
sharp components. In the case of the hydrogen lines the following 
regularities are found. The number of components increases with the 
series number of the line. Thus, as we see from figs. 68 and 69, the Stark 
effect pattern is considerably more complicated for the line than 
for the Ha line. In the transverse effect (cf. fig. 62, p. 204) the electric 
vector of some of the components is parallel to the field (p-components), 
while that of the rest is normal to the field (s-components). In the 
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up to 12000 V 


Fig. 70.—Arrangement for transverse observ'ation 


longitudinal effect only the s-componcnts appear, and they arc un¬ 
polarized. Displacements and polarizations are symmetrical with 
regard to the undisplaced line. The distances of the components from 
the central line are integral multiples of a certain wave-number interval 
for all the hydrogen lines. Up to fields of about 100,000 volts per 

centimetre the displace- 

Earth , • 

_ . . ... . ments increase proportion- 

-=.1 ypu>'^ooov - 1 ^ field strength. 

Eitlier of two dilferent prin- 

-^ ^-JIL-ciples may be used in the ex- 

^ jA' ^ \ perimentiil observation of the 

I \CafLalrays Cathode rays — effect. 

\ j " J Stark^s Method. — In this 

method canal rays, produced 
/1 W in an ordinary gas discharge, 

/ Li^hf emisslorv are allowed to pass into a very 

strong electric field behind 
^ . r . u the perforated cathode. Idle 

eig- 70-—Arrangement for transverse observ'ation 

experimental ditheiilty is to 
maintain this fit^ld without the 
[T M occurrence of a discharge, in 

spite of the gas contained in 
J I the apparatus. Stark over- 

J I I came this by placing the elec- 

cf I trudes of the applied field very 

I close together—a device which 

// I prevented anV appreciable dis- 

-- Cmalrays charge (see Vol. Ill, p. 339). 

I I Figs. 70 and 71 show arrange- 

1 ments for transverse and longi- 

__ I tudinal observation respec- 

-tively. 

Fig. 71. — Arrangement for longitudinal obser\'ation Lo SUTdO^S Msthod. — III 

, , J r ^ • order to tiroduce the Stark 

Figs. 70 and 71.—.Starks method for observing ix i. i 1 x 

the Stark effect. effect use may be made of the 

field in the cathode dark space 
which occurs in ordinary gas discharges just in front of the cathode. The 
strength of this field may be very great, but the method has the disadvantage 
that the exact magnitude and distribution of the field are not known. The 
observed Stark effect splitting may, however, be used to determine the strength 
and distribution of the field. 

Fig. 72 shows an actual photograph obtained by Stark’s method, the field 
being at right angles to the canal rays and the field electrodes being inclined 
to one another at an angle. The patterns of figs. 68 and 69 (p. 211) are plotted on 
a wave-number scale. 
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Fig. 71.—Arrangement for longitudinal obser\'ation 

Figs. 70 and 71.—.Stark’s method for observing 
the Stark effect. 


The Stark effect can be discussed in terms of the atomic model by considering 
the behaviour of an electron in the field of two positive charges. If one of the 
charges is then removed to infinity, w^e have the basis for the mathematical dis¬ 
cussion of the case w'here a uniform electric field is superposed on the nuclear 
field. The details of the calculation cannot be given here. We must content our¬ 
selves with remarking that the presence of the external field distorts the electron 
orbits in a rather complicated way, since (at least in the case where one com¬ 
ponent lies in the orbital plane) the effect is to strengthen the nuclear field on one 




RUTHERFORD-BOHR MODEL OF ATOM 


213 


side of the ellipse and weaken it on the other. It is possible to determine a certain 
point (electrical centre) at which the potential energy of the electron at rest v onld 
be the same in the presence of the field as the mean potential energy during one 
revolution in the absence of the field. The distanee of this point from the niuleus 



I'iK. 12 .—Splitting pattern for hydrogen in an electric 
field (Stark’s method) up to 1-4 million volts per centimetre 
(small condenser, plate distance d - o \ to 0 3 mm.). 


[From Die Naturtdssenschaften, IQ30 (Springer, Berlin).] 


is found to be 3£<'t/2, where e is the eccentricity and a the major semi-axis. Hence 
th(^ atom must be regarded as an electric dipole with (he moment 3Eae/2. 
Die electric centre describes an ellipse about the direction of the electric field 
with the frequency 

3/iE 


where K is the field strength and the meanings of n and n^t are explained below. 
The energy of this motion is /ivst.. 

The problem is a spatial one and hence involves three quantum numbers. 
These are designated by n,, nt. and eorr(‘sponding to the co-ordinates (actually 
parabolic) introduced in the mathematical treatment. As in the cases previously 
mentioned, we have n — +71;. Instead of it is usual (of. p. 199) to 

introduce r = n^ — l. Hence n = r I. Further, 

The possible values are 0 w,, ^ w — 1; 0 ^ ^ ~ 1. Considerations 

similar to those outlined tin p. 205 show that Ar = 0 or “1:1, the first alternative 
leading to the p-eomj)onents and the latter to the s-comjionents. 

From the formula given above it follows that the total energy in a given static is 


-AVs. ==-««- 


If the field strength E is measured in volts per centimetre, the energy difference 
Wnt. ~ relative to the unperturbed state (expressed in wave-numbers) is 
found to be 

Av ^ C-45.~ n^) cm.-^ 


This method of deriving the energy value is only an approximate one. Actually 
the energy of the atom in the electric field may be expressed in the form uf a 
series in ascending powers of E, namely, W — Wq -j- AE -|- BE^ -[ .••• The 
argument given above takes only the linear term into account. The occurrence 
of the quadratic term is related to the fact that the field induces in the atom a 
proportional dipole moment, p. = aE (cf. Vol. Ill, p. 101). 
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The value given above, moreover, holds only when the external field is suffi¬ 
ciently strong, i.e. when the energy change due to the field is large compared with 
that due to the variability of the mass of the electron. ^J'his condition is realized 
in practically all the experiments with, hydrogen. If the field is relatively weak, 
the precessional motion of the orbit due to the variation in the mass of the electron 
is not suppressed and causes a displacement of the electrical centre. In tlie case 
of a sufficiently strong field, this electrical centre always lies on the same side (jf 
the plane through the nucleus normal to the field; consideration of fig. 57 (p. 2(11), 
however, shows that if the field is weak the electrical centre will lie on om^ side 
of this plane during one half of the rosette motion and on the other side during 
the other half of tlie motion. The sign of the energy is also reversed, sineci the 
field of the nucleus is thus weakened in the part of the orbit where* it w as previenisly 

strengthened. I'he line‘ar tc'rm in the* se*ries 
for the emergy is thus alternately positive 
and negative and its time-average* is zere). 
Hence the first term w hich has to be take'n 
into account is the very small cpiadratic 
term. The terms of higher e)rder than the 
first also become aj)})reciable at ve*ry high 
field-stre*ngths (above 100,000 volts per 
centimetre — so-calleel quadratic Stark 
effe'ct anel Stark effect e)f hight*r emh'r). 

Eig. 73she>w’s the splitting of tlie eneTgy 
levels e)f the hydrogen atom and also the 
transitions giving rise to the) pattern for 
Ha showui in fig. 08 (p. 211). The inter¬ 
vals betwe*en the elisplaced le*vels are in¬ 
tegral multiples of fi*45 x 10“E cm.'^ 
The Bohr model acce)unts trxce'llently for 
the experimental eiata, and the numerical 
factor (v45 is confirmed by the most recent measurements. 

It may also happen that the external fielel becomes of the same en*de*r e)f 
magnitude as the nuclear field. On the pe)rtion ed its e)rhit where the external 
field is op]:)<)sed to the nuclear field the electron is then subject to practically no 
force and the orbit becomes indeterminate. Tndc’r thest; conditions th(*rt* can 
be no energy transitions from or to the orbit. I'he necessary field-strength de¬ 
creases as the principal quantum number increases, since the size of the orbit is 
proportional to and hence the forc(* of attraction by th(* nucleus is inversely 
proportional to This suppression of certain transitions (*an be seen very well 
in fig. 72 (p. 213). The magnitude of the splitting of th(* Hp line on the left shows 
that the field-strength increases from the bottom of the figure tow ards the top, 
passes through a maximum, and then falls off rapidly again. It w ill be seen that 
the lines disappear as the field-strength increases, the disappearance occurring at 
lower field-strengths for the lines of higher series number. Calculation shows 
further that the short-wave components of the Stark effect pattern of each line 
correspond to transitions starting from orbits with perihelia directed towards 
the positive electrode of the applied field, i.e, orbits for which the applied field 
opposes the nuclear attraction as the electron passes through its position of 
closest approach to the nucleus. The Jong-wave components, on the other hand, 
are due to transitions from orbits for which the greatest weakening of the nuclear 
attraction occurs in aphelion, i.e. when the electron is at its maximum distance 
from the nucleus. This provides an explanation of the experimental fact, also 
visible in fig. 72 (p. 213), that the long-wave components of the Stark effect pattern 
of any given line disappear at lower field-strengths than the corresponding short¬ 
wave components. 
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FitI- 73-—SplittinR of the energy 
levels of the hydiogcn atom in an 
electric field. I’he dotted transitions 
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CHAPTER IV 


Waves and Corpuscles 

A. Light as a Wave-motion 

1. The Emission of Light 

The recognition of the electromagnetic nature of light has led to a 
practically complete explanation of all the phenomena of its propa- 
gation Optical problems have been treated in detail from this point 
of view in Vol. IV. On the other hand, the phenomena of the emission 
of light and of the transfemnation of light energy cannot be explained 
in terms of the ele(;tromagnetic wave theory. It has already been 
shown on p. 186 that the idea of an atom as an electrical transmitter 
of the kind considered in ordinary electrodynamics is incapable of 
accounting for the observed sharpness of spectral lines and the series 
relationships betweiui them. The correspondence ])rinciple, however, 
indicates the existc'nce of certain connexions with classical electro¬ 
dynamics and furnish(‘s a basis for the understanding of the inten¬ 
sities and states of polarization of spectral lin(*s. 

It has not yet been found possible to construct a bridge between 
those phenonKUia which can be explained by el(‘ctrodynaniics and 
those w^hich can only be accounted for by the quantum theory. In 
particular, th(; process of the emission of light, i.e. the detailed 
mechanism of the ])assage of energy from matter to radiation, remains 
quite obscure. This undoubtedly constitutes one of the most impor¬ 
tant problems of modern physics. 

The following is a summary of the phenomena associated with 
light, emission, in so far as they are known and can be interpreted in 
terms of the undulatory theory. 

Duration of Emission. —In the first place it may be assumed that 
the emission from atoms (at least in the gaseous state at relatively low 
pressures) is a perfectly random occairrence, i.e. that the trains of light 
waves sent out by any two atoms are incoherent (see Vol. IV, p. 3; 
cf. p. 218). Conversely, coherence may be taken as proof that the 
emission is from one and the same atom. By causing different parts 
of a wave-train to interfere it is possible to determine up to what path 
difference coherence is maintained, i.e. to find the length of the wave- 

2U 
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train in question. In tins way it has been found (Geiirke and Lau, 
1931) that interference effects are produced up to a path difference of 
2-4 metres or 5 X 10® wave-lengths. Hence the coherent wave-trains 
must be at least as long as this. During emission these wave-trains 
detach themselves from the atom. Hence if we retain the idea that 
the emission takes place in the same way as in a macroscopic trans¬ 
mitter, we are led to the conclusion that the duration of th(^ process 
giving rise to a single coherent train of waves is about 10“® sec. It 
should be noted, however, that this duration is found even for the 
iron arc, in which the average time between collisions is only 10”^® 
sec. How it comes about that the emitted train of waves is coherent, 
in spite of the occurrence of about a hundred collisions during the act 
of emission, is still quite obscure. 

W. Wien used a different method to investigate the duration of 
the act of emission. He shot the emitting atoms into a vacuum in the 
form of canal rays and determined the length of path over which th(‘y 
remained luminous. The rays gradually become more dilTuse and less 
intense as the distance increases. The point of excitation is known 
with fair accuracy, and thus if we assume that the atoms emit light 
immediately after excitation, the length of the luminous path and the 
measurable velocity of the atoms give the duration of the process of 
emission. The value obtained from the experiments is again about 10“® 
sec. If we interpret the phenomena from the above point of view, 
the variation of the amplifude of the emitted wav(‘-train during the 
emission process can be determined from the intensity of the luminosity 
at different distances from the point of excitation. This intensity 
falls off as the distance increases, and thus the observations seem to 
indicate that the coherent wave-trains arc several metres in length 
and have a gradually decreasing amplitude. Since wt know that the 
atom only has the quantity of energy hv to emit (see for example the 
experiments of Lenard and Hausser quoted on p. 175), this must 
be the energy of each w’ave-train. In this way we arrive at the idea 
of a light quantum given in Vol. IV, p. 2. The lateral extent of each 
wave-train may be very great. Investigations of the diameters of 
stars by interferometric methods (see Vol. IV, p. 201) show that inter¬ 
ference effects can be observed even w^hen the mirrors are at a lateral 
distance of 30 metres apart, so that coherence still persists at this 
separation. Of course the angle subtended at the emitting atom is 
extremely small, and there is the possibility that different wave-trains 
may become merged together. 

Statistical Interpretation. —The experiments with canal rays may, 
however, be interpreted in another way. As will be shown later (p. 233 
et seq,), it is possible to regard the light quantum as a corpuscle which 
is shot out in a definite direction from the emitting atom. This view 
would suggest that the act of expulsion from the atom may occupy 
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an interval of time which is very brief in comparison with 30“® sec., 
though it is then impossible to explain the production of the long wave- 
train with its coherent properties. However, the falling off of the 
luminosity of canal rays may be int<Tpreted in terms of individual 
acts of emission of very short duration—explosive expulsions of light 
quanta—provided that the occurrence of emission is assumed to be 
governed by a certain law of probability, as is the case for radioactive 
disintegration. According to this explanation of the phenomena, the 
time (10"® sec.) deduced from the length of the luminous track of the 
rays is not the duration of the process of emission, but the average 
lifetime of the excited state, i.e. the average length of time during 
which an atom remains in the excited state before explosively expel¬ 
ling a light quantum. 

Another interesting experiment is that in which canal rays emitting 
radiation are passed through an electric field and the omitted spectrum 
is observed in order to find out whether th(^ wave-lengths sent out from 
the differciiit points are those anticipated from the Stark elfect for 
the respective local field-strengths. In particular, such an experiment 
can show whetlnu', when the rays pass from a strong electric field into 
a region where there is no field, the normal emission is resumed in an 
interval of time which is brief in comparison with lO""® see. The 
results obtained (especially by Eausch von Traubenuerg) indicate 
that the emission of light at any point is determined entirely by the 
field-strength at that point. Experiments on tlie coherence of light 
from points of different field-strength would be of great interest. 

Very serious difficulties stand in the w\ay of an explanation of these 
Stark effect phenomena in terms of emission processes of long dura¬ 
tion; for according to p. 178 the sharp lines sent out in the electric 
field involve the emission of whole light quanta. The statistical theory, 
on the other hand, gives a satisfactory explanation of the observed 
facts. 

2. Experiments on the Light emitted from an Atom 

It w’ould be possible to decide between the two modes of inter¬ 
pretation given above by observing whether rays from different parts 
of the same luminous canal-ray track are capable of giving inter¬ 
ference effects. If interference between such rays were observable, 
this would mean that the rays were coherent and would form evidence 
in favour of the first mode of interpretation. Direct experiments of 
this kind have not yet been made owing to the practical difficulties. 

Rupp, however, has carried out an experiment involving a similar idea. The 
light from the luminous canal-ray track was made to pass through a grating 
placed with ils plane parallel to the direction of the canal rays and its lines normal 
bo this direction. The grating consisted of alternate spaces and opaque bars of 
3qual breadth a (about 0*5 mm.). On the view’ that the emission from each atom 
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is a process occupying the whole time taken by the atom to traverse the luminous 
path length, the grating must let through a regular succession of equal fractions 
of the wave-train so emitted. If v is the velocity of the atoms in the canal rays, 
the length of each of these fractional wave-trains must be acfv, where c is the 
velocity of light, and the path lag between corresponding points of successive 
fractions must be 2uc/i\ Each fractional wave-train was divided into two parts 
A and B by means of a half-silvered mirror, and tlic part B was given a path lag 
relative to A by means of a layer of air of thickness d. The value of d was chosen 
in such a way that the path lag of the part B relative to the part A for any given 
fractional wave-train was just ecjual to the lag of the part A of the next fractional 
w^ave-train. If the two fractions are coherent, interfiTcncc must be observed 
under these conditions; and it was actually observed. This result w^ould appear 
to furnish evidence in favour of the view' that the process of emission of light 
from an atom is of relatively long duration; but it seems that an interpretation 
in terms of an “ infinitely ” rapid process of omission can also be put forw ard, 
so that the experiment cannot be regarded as conclusive. 

A further question arises concerning the spatial form of the electro¬ 
magnetic wave-train emitted from an atom. According to the classical 




Fig. I. —Interference of rays making a Fig. 2. —Schrodinger’s interference experi- 

large angle with one another at emission ment (b and I,' are interference maximal 


theory, the wave-front must be spherical, the distribution of intf'nsity 
in the particular case of a linear oscillator being that given in Vol. Ill, 
fig. 28, p. 627. From this it follows that rays emitted from an atom 
in exactly opposite directions must be capable of interference. Inter¬ 
ference up to very large angles appears to have been actually demon¬ 
strated by the experiments of Selenvt {1911). He introduced a very 
thin layer of a fluorescent solution (the thickness being small compared 
with the wave-length involved) between plates of mica and glass and 
observed interference between the rays I and II (see fig. 1) w^hich on 
emission must have made the large angle <f> with one another. 

Experiments with incandescent wires hav^e also been carried out 
by ScHRODiNGER, Using the apparatus shown diagramraatically in 
fig. 2. Actually Wollaston filaments * were used and interference 
effects were observed up to an angle of 57 °. Gerlach and Land6 
have also shown that the different fringes of the diffraction pattern 
of a slit are capable of interfering with one another. 

* These are very thin platinum wires (diameter a few microns) covered with a layer 
of silver to make them more robust for manipulation. Once the filament has been 
mounted in a manner suited to the particular experiment; the silver layer is dissolved 
oif with nitric acid, leaving the platinum core. 
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When extended sources of light are used, account must be taken 
of the superposition of the interference effects corresponding to the 
different points of the source. Sharp interference effects can only be 
obtained if the maximum distance between the points of the source, 
as viewed along the direction of the interfering rays, does not exceed 
a certain value de})ending on the wave-length and the angle between 
the rays used. The fact that the different points emit light of different 
relative phases has no effect upon the obsci ved result, which depends only 
on the i)hase (Ufjerences determined by the experimental arrang(‘ments. 

The general conclusion from all the experiments on the interference 
of light hitherto is that a satisfactory explanation of the phenomena 
can be given in terms of the classical theory of electromagnetic wave- 
trains of wide apertur(\ This theory, however, involves difficulties 
whenever questions of the interchange of energy between radiation 
and matter are raised (se(‘ further p. 238). 

3. The Form of Spectral Lines 

Breadth of Emitted Lines. —The maximum path difference for 
which interference effects can be observed is a])preciably less than we 
should expect from th(‘, duration 
of the emission ])rocess, as ile- 
duced by Wikn (see above). 

The chief reason for this is that 
a spectral line is never strictly 
monochromatic, but extends 
over a wave-length region of 
finite breadth (fig. 3). The 
various causes of this broaden¬ 
ing will now be considered. 

Doppler Effect. — The first 
cause i-i the thermal motion of 
the emitting atoms, which gives rise to a Doppler effect (Vol. II, 
p. 280). This effect, which consists in a change of observed frequency 
wh(ui the source has a velocity relative to the observer, is common to 
all wave-motions. The equation derived in Vol. II, p. 280 holds for 
light; that is, 

where v is the relative velocity of the source and c is the velocity of 
light. The sign of v is to be taken as positive when the source is 
approaching the observer and negative when it is receding from him. 

Actually v' has different values according as the source or the observer is 
moving relative to the medium (see Vol. II, p. 280); but the difference is only of 
the second order and is not observable at the velocities attained hitherto. 
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Experimental Measurement of the Optical Doppler Effect —The 

Doppler frequency shifts are especially marked in the case of rapidly- 
moving heavenly bodies. Observation of tlie spectra thus gives a direct 
method of determining the velocity relative to the observer along the 
line of the ray (see fig. 4). In some cases the accuracy of determination 



Fig 4.— Doppler ertect in a stellar spectrum, showing a 
displacement of the sodium D lines corresponding to a rela¬ 
tive radial velocity of 300 km. per sec. 

[From Graff, Grundriss der Astrophysik (B. G. I'eubncr, Leipzig).] 

may be within a few hundred metres ])er second. The effect can 
also be observed without difficulty in the laboratory, using canal rays. 
A Doppler effect also occurs by reflection at moving mirrors and is 
then twice as great for a given velocity, i.e. AA “ 2Ae/o, where v is 
the relative velocity of the mirror wdth regard to observer. Similar 
alterations of frequency are caused by the thermal motions of the emit¬ 
ting atoms. Here the motions are distributed at random over all 
possible directions, so that the total result is a symmetrical broaden¬ 
ing of each spectral line. The mean velocity of the atoms in the gaseous 
state is related to the temperature by the equation 



(see Vol. II, p. 47), from which it follows that the broadening of spectral 
lines increases with rise of temperature and is greater for atoms of 
smaller mass. For example, the mean broadening Af for a hydrogen 
line at C. (mean velocity 1*85 km./sec.) is +1-85 f/(3 X 10 ^) ™ 
+ 6*2 X In the particular case of the line (for which 

20564-6 cm.“^) this gives Av =+0-127 cm.~^. 

Radiation Damping. —Even if the emitting atom is at rest, there is 
another cause of broadening of the spectral lines, namely, the fact that 
the wave-trains must be regarded as damped. According to the experi- 
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merits of Wien referred to on p. 216, the amplitude of the vibrations 
(to the square of which the intensity is proportional on the classical 
theory) falls ofi exponentially. Now we have seen in Vol. Ill, p. 630 
that any oscillation of non-uniform amplitude can be regarded as made 
up of a number of components each of constant amplitude. Thus on 
account of the damping the otherwise monochromatic radiation is 
mexhdated, the degree of modulation increasing as the rate of damping 
increases. 

This damping occurs with every electromagnetic oscillator which 
is not subjected to external forces, and can be calculated by the classical 
theory. The progressive decrease of amplitude is due to the fact that 
the emitter is losing energy by radiation. Hence this kind of damping 
is known as radiation damping. If, in accordance with experiment, 
we assume that the amplitude at time t is proportional to 
the time required for the amplitude to sink to half its original value 
is found, by a formula given by Planck, to be sec. approxi¬ 
mately. This is in good agreement with experiment for visible light, 
for which (sec p. 217) a value of about 10"^ sec. is observed. The 
corresponding half-value breadth of the Hj8 line (i.e. the distance 
from the middle of the line to the point at which the intensity is half 
that at the middle) is found to be AA = 0*83 X 10"^ A. This breadth, 
determined by radiation damping only, is called the natural line breadth. 
As we sec from the numerical example, it is practically alw^ays negligible 
relative to the broadening due to the Doppler effect. 

Collisional Damping. —Another kind of modulation of the emitted 
radiation is caused by the impacts of other atoms during the period 
of emission. These collisions interrupt the emission process, and a 
w^ave-train modulated by such interruptions may again be regarded 
as consisting of a large number of components of different wave-lengths. 
This so-called collisional damping effect is proportional to the number 
of impacts per unit of time, i.e. to the gas pressure. For a given gas 
pressure it is also proportional to the square root of the absolute tem¬ 
perature. Hence the effect becomes negligible at very low pressures 
and very low' temperatures. Referred to 0° C. and 760 mm. pressure, 
the w'ave-number broadening duo to collisional damping is of the 
order of a few cm.“^, i.e. is quite considerable. 

Stark Effect. —The observed breadths of spectral lines are generally 
somewhat greater than those calculated from collisional damping. 
The reason is that the electromagnetic fields of the colliding atoms 
disturb the emitting oscillator and change its frequency (Stark effect, 
see p. 211). This explains how in many cases the broadening depends 
on the nature of the atoms which collide with the emitter. The in¬ 
fluence of similar atoms (called by Lenard the Nahewirkung —^literally 
“ proximity effect *’) is particularly great. The broadening of the 
mercury line 2537 A. produced by mercury vapour at 7*3 mm. pressure 
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is as great as that produced by the addition of an inert gas at 250 mm. 
pressure to h’ghly rarefied mercury vapour. Thus, as we may expect 
from the very self-contained nature of their fields (see p. 334), atoms 
of the inert gases have a particularly small effect. The fields occurring 


a h 

Figr. 5.—Broadening of the line arising from change of pressure and con¬ 
ditions of discharge, a. Feeble current at i mm. pressure, b. Spark (with 
condenser) at i mm. pressure, c. Spark (with condenser) at 7ho mm. pressure. 

[From Handbuch der physikalischen Optik (J. A. Barth, Leipzig).) 

in the electrical discharges during the excitation of the atoms may also 
cause considerable broadening of the spectral lines, especially in the 
neighbourhood of the electrodes. Fig. 5 shows examples of line broaden¬ 
ing under different disidiarge conditions. 

Self-Rsversal. — Further, the form of a spectral liin^ may be con¬ 
siderably affected when the line is such that it can be absorbed by the 

atoms which emit it (e.g. the 1) lino.s of 
sodium), and when there is a density or 
temperature gradient in th(^ gas. I5ider 
such conditions the emission is very 
intense at the regions of higlun* tianpora- 
tiire or density, the line being much 
^ ^ broadened by the effects described above. 

I ig. 6.—Form of a spectral line * i t *• ^ i i i 

showing seif-reversai As the radiatioii passf's through the cooler 

or less dense regions of the gas it is 
re-absorbed, but the absorption line has a relativ(4y small bri'adth, 
corresponding to the conditions in these regions. Hence only th(^ middle 
portion of the broad emission line is absorbed, and tlic resultunt 
intensity distribution is as shown in fig. 6 (so-called self~rerersnl), 
Hyperfine Structure.— Quite apart from the various kinds of 
broadening mentioned above, most spectral lines are in themselves 
not monochromatic, but consist of groups of several monochromatic 
components lying very close together. They are thus said to show a 
jifte structure (as, e.g., the D line of sodium, w^hich has two components 
with a separation of about 6 A. or 20 cm.-^) or a hyperjine structure (in 
which the separations of the components amount to only a few hun¬ 
dredths of a cm."^ (see p. 350)). The red cadmium line shown in fig. 3 
(p. 219) is one of the few lines which appear to exhibit no marked com¬ 
plications. This is the reason why it was chosen for the evaluation of 
the metre in terms of wave-lengths of light (VoL I, p. 7). 
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B. Energy and Mass 


4 . Mass of the Energy of Light 

On p. 047 of Vol. HI it was shown that light exerts a pressure on 
the material bodies on which it falls. The magnitude of this radiation 
pressure on a reflecting surface is given hy p~ 2Scos2a, where S is 
the energy-density and a the angle of incidence. 

Hence, as was first pointed out in 1904 by Hasenohrl,* it is 
possible to ascribe to light a certain momentum and consequently 
(l)y analogy with the momentum of material bodies) a certain mass. 

According to this view, an enclosure containing electromagnetic 
radiation must have a mass proportional to the radiation energy 
enclosed in it. This can be d(Hiuced ^ 

from observation by the following line ^ . —» 

of reasoning, which is due to IjENARD. c c ^ 

The enclosure, imagiiKnl as having par¬ 
allel sides as in fig. 7, is assumed to ^ ^ ^ ^ 

have perfectly r(‘flecting walls, so that 

any radiation which is once enclosed in - 

it will be reflected to and fro continually v 


without escaping. Let the enclosure 
be moving with an acceleration in the 
direction of the arrow marked v in 


r'ig. 7.—Pressure of radiation in 
an enclosure which is in accel¬ 
erated motion. 


th(* figure. In th(^ first ])lacc consider only radiation which is pro- 
pagat(Ml in the direction ])arallel to the direction of motion of the 
enclosure. This radiation will be reflected to and fro continually 


b(*tween the fa.c(\s a and 6, As a result of the Doppler effect the wave¬ 
length A is changed at each reflection by the amount ±2Xvl(\ where v 
is the velocity of the enclosure and c the velocity of light. A given 
amount of radiant energy is not altered by reflection, but the volume 
it occupies is increase<l or decreased in the same proportion as the 
wave-hmgth. Since v/c is very small relative to unity, the energy- 
density, which is inversely proportional to this volume, must be 
changed by the fraction :f2e/c. If the mean energy-density in the 
enclosure is S, we may regard -|S as being propagated in the direction 
ab and -JS in the opposite dim^tion ba. Hence the change of energy- 
density at each reflection is If Svjc, the positive sign referring to the 
case in which c and v are in opposite senses. It follows that when the 
enclosure is moving with an acceleration there must be an energy- 
density gradient within it. For the radiation which has been reflected 
at the face b and is moving in the direction ba must have a greater 
density in the neighbourhood of b than in the neighbourhood of a, 


* Fritz HasenOhbl, born in 1874, became professor at the University of Vienna 
in 1907; he was killed in action in 1915. 
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because the waves ’which are nearer a at a given moment must have 
been reflected earlier by the mirror b than those which are nearer b 
at the same moment, i.e. the wwos which are nearer a must have been 
reflected w^hen the velocity v of the mirror 6 w'as smaller than when 
the waves which arc nearer b were reflected. Similarly, the radiation 
which has been reflected at the face a and is moving in the direction 
ab must also have a greater density in the neighbourhood of b than 
in the neighbourhood of a. The density difl'erence 8S must correspond 
to the change of velocity Su of the enclosure in the time U ~ l/c 
w^hich the light takes to travel the distance I botwreen the faces a and 
b, i.e. 8S Sbvjc. But 8?’/8^”/, the acceleration of the enclosure. 
Hence we have 8S—SZ/yC^. Now this difEereiice of energy-density 
must be associated with an equal dilferencc of radiation ])ressure on 
the two faces a and 6, the smaller X)ressure being on the face a w^hen 
the acceleration is directed in the sense ba. Multiplying this pressure 
differciiice by the area A of th(‘ faces in question, w^e obtain the force 
P = SZ/A/c^ wdiich must be exerted in the direction ha in order to 
maintain the acceleration /. The fact that this force is necessary to 
maintain the acceleration is due solehj to the presence of the radiation 
within the enclosure. Since the volume of the enclosure is ZA, the 
quantity W of radiant energy contained in it is equal to SZA. Hence 
the force P is Division of this force by the acceleration (see 

Vol. I, p. GG) gives the mass m w^hich is to be ascribed to the energy 
content W. We obtain 



To an amoiuit W of radiant energy must be ascribed a wars 

W/c2. 

The corresponding momentum is 



The energy W may be regarded as made up of light quanta each of 
energy hv, where v is the frequency of the radiation. Then if is 
the mass of each quantum, we have = hvjc^. The corresponding 
momentum Jj^ is given by hvjc or hjX, 

If we assume that the law of reflection holds for a moving mirror when the 
angle of incidence is measured relative to the mirror, consideration of the radiation 
moving at right angles to ab likewise shows that there must be an energy-density 
gradient in the direction ab when the enclosure is moving with the acceleration/ 
if a is the very small angle of aberration i?/c, the energy-density changes 
on reflection at a and b are found to be a times smaller than in the case 
considered above. On the other hand, the corresponding time Bt is 1/a times 
greater, so that the two factors cancel one another and the same result is 
obtained as before. 
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5. Mass of the Kinetic Energy of Electrons 

Mass of Moving Electrons. —We have already seen on p. 322 of 
Vol. Ill that the mass of an electron is not constant but increases as 
the velocity increases. 

In the first place we shall consider the experimental results. The 
principle of the experiments is to determine the s})ecific charge ejm 


for electrons moving with different 
velocities, using the method of de¬ 
flection by electrostatic and mag¬ 
netic fields (see Vol. Ill, p. 314). 

Kaufmann used sinnultfineous deflec¬ 
tion by an electrostatic field and a mag¬ 
netic fi(^ld, the two fields having the 
sam(‘ direction (fig. Sor). In fig. 8^ the 
point A represents the point of impact 
of a narrow beam of electrons moving 
directly away from the (observer in the 
absemcc of any applied field. When the 
electrostat i(! field is apj)lit‘d, the electrons 
are attracted towards the positive j)late. 
If we assume that the source of electrons 
giv(‘s electrons of widely differing velo¬ 
city, the point A is therebj" drawn out 
into the (lotted line Af]. The electro- 
stiitic deflection is proportional to 
The action of the magiK'tic field alone is 



Fip. 8.— Deflection of electrons in 
parallel electrostatic and muffnctic fields. 
(I'he plane of the figure on the right is 
at right angles to 


to deflect the electrons at right angles to the lines of force and thus to draw out the 
point A into the dotted line AH. The magnetic deflection is proportional to 
1 l(mv). When both fields are applied simultaneously, the parabolic curve of fig. 86 
is what we should expect on the assumption that e/m is the same for all velocities. 
Reversal of the electric field will give the dotted parabola instead of the one 
shown as a continuous curve. Each point of the parabola corre¬ 
sponds to electrons of a (jertain velocity. 

Tu actually carrying oxit this experiment Kaufmann 
used as electron beam the iS-rays from Ra, which 
contain electrons of widely differing velocities up to 
values approaching the velocity of light. The trace 
he obtained upon the receiving plate was not that an- 
ticipated according to the considerations put forward gram of ob'=ierved 
in connexion with fig. 8. The actual traces obtained 
were as shown by continuous lines in fig. 9, the predicted velocity, 
parabolic curves being indicated by dotted lines. 

If we assume that e, the charge of an electron, is independent of 
its velocity, the observed result must be regarded as indicating that 
the mass increases with the velocity. 

From these early experiments it was not possible to deduce the 
exact law of the change of mass with velocity. This necessitated the 

(E957 ) 
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application of other methods, in which connexion we may mention 
the work of Bestelmeyer (1907) and more particularly the experi¬ 
ments of Bucherer (1909), which were refined by Wolz and Neumann, 
of Hupka (1910), and of Gulte, Ratnowski and Lavanchy (1921). 

The principle of Bucherer’s method is as follows. Electrons (p-rays) from a 
point source {radium preparation) pass through a condenser whose length is 
large compared with the distance between the plates (see fig. 10). At right angles 
to the field of the condenser there is a magnetic field of a strength exactly com¬ 
pensating for the electrostatic deflection of the (‘lectrons for out', particular 
velocity v given by the equation cE = — crH, where E and H are the electro¬ 
static and magnetic field-strengths respectively. It follows that only electrons 

of velocity v-- ~E/H can emerge from the con¬ 
denser; for all those with otlier velocities strike 
the condenser plates. When once the electrons 
have got clear of the condenser, they are subject to 
the action of the magiK'tic field alone and tluir 
paths therefore be(!omc arcs of circles (see fig. 10). 
Tlie values of ejm for different velocities v can be 
calculated from the observed curvature for different 
('lectrostatic and magnetic field-strcngtJis. The 
chief difficulty of the method is to allow correctly 
for th(‘ “edge effect” of the coiuhmser field. The 
actual length of the condenser was 5 cm., and the 
distance betwe^en the })lates only 0*25 mm. The 
distance of the receiving plate P from the con¬ 
denser was 4-5 cm., the electrical j)otentinl differ¬ 
ence about 100 volts, and the magnc'tic field about 
100 gauss. The observed deviations arc then of the order of magnitude of 
1 cm. 

The method used by Hupka is similar in principle. Electrons of d(*finito 
velocity are obtained by accelerating jflioto-clectrons in a known field. The 
determination of ejm again follows from observed magnetic deflections. 

The Swiss workers Guije, Ratnowski, and Lavanchy u.sod crossed electric 
and magnetic fields and cathode rays produced in gas discfiarges. The same 
deflection is alw’ays produced, the ])otential diffidence of the condiaiser being 
varied for the different velocities. This method assumes that the value of 
is known. 

The result of all these experiments is to show that the variation of 
the mass of an electron with its velocity v is best expressible by the 
equation 



where c is the velocity of light and is the mass of the electron at 
very low velocities (the so-called rest-mms). 

Fig. 11 shows how well this equation fits the experimental results. 
The points plotted are the values of e/mQ calculated by means of the 
equation from the values of ejm observed by different workers for 



Fig. 10. - Bucherer’s method 
for determining e. m at dilTerent 
velocities. 
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different velocities v. The important point is not so much the absolute 
value of iWq, but the fact that there is no variation of this value with 
velocity: it is the constancy of which proves that the equation is 
applicable over such a large velocity range. 
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Fig. 11.—Values of f/m,, calculated from observations on electrons 
of different velocities v by the formula Wo — m 


For the ex])erimonts of Kupp, w’hich involve a quite different 
priiici|)le, see p. 25L 

Mass ascribable to Kinetic Energy.— This nilatiou* between the 
mass and velocity of the electron leads to the view that kinetic 
aho ])Os,sesses mass and that the majjnitade of this mass is 
f/iren by m i.e. by an equation of the same form as for 

radiant energy. This n'.siilt can be deduced by the following simple 
argument, wliich was first put forward by Lenard. A force F acts 
on a mass m so as to give it an acceleration /. The velocity at 
a givtui tim(‘. being r, the distance ds coven^d in. the olomenl of 
tinu* dt is giv<‘n by ds --- vdt and consequently the work done 
by the forc(‘ is given by r/E =--- ¥ds ^ Yvdt. According to the 
view put forward above, this increase of energy corresponds to an 
in(*,r('a.se of mass dm r/E/c^. Now the fundamental law of mechanics 
may be written as 

F = mf = mdvjdt 


or m(lv=^Ydt, As (‘xperiment has shown that the mass is not 
constant but depends on the velocity, it is necessary to make 
use of the formulation originally given by Newton (Vol. I, p. 78), 
namely 

d{mv) = Ydt. 


From this wc obtain 


dm dv , dv ^ 
V . T7 + »* = F- 


d v dt 


dt 


Substituting this value of F in the equation dE = Evdt~ c^dm, we 
obtain 

v^dm + mvdv = c^dm. 

♦ On the theoretical side, the relation is one of the fundamental results of Einstein’s 
theory of relativity. 
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As can be verified by differentiation, the solution of this differential 
equation is' 



where is the rest-mass. Thus when a mass is given a velocity 
V, the mass is increased by the factor l/\/l — v^lc^. This increase, 
which depends only on corresponds to the energy taken up in virtue 
of the acceleration, i.e. to the kinetic energy. Its value is indepeiKhuit 
of direction. 

Magnetic Field of a Moving Charge. —The nature uf the inertia of an oloolric 
charge can be inveatigated further by means of the Faraday-Maxwell tlioorv. 
Reference has already been made on p. 431) of Vol. Ill to the analogy l^etween 
the phenomena connected with self-induction on the one hand arul tlu' inertia 
of mass on tlie other. The fact that m.atter may be regarded as an assemblage of 
electromagnetic fields makes the view probable that the two sets of phenomena 
may be identical in their nature. According to this view, the inertia of mass is 
due to the increase in the strength of the magnetic held which is always associated 
with charges moving with an acc(*leration. As is stated by the equation 
H = E„'r/(377 c) given on p. 197 of Vol. Ill, the magnetic lield-strength is pro¬ 
portional to the velocity, provided that the distribution of the lines of force 
remains unchanged. From this proportionality it follows that the inertia is 
always the same for a given acceleration and independent of the initial velocity 
from which the charge is accelerated. Experiment shows, however, that this is 
not true; the inertia (i.e. the mass) varies with the velocity. Since the above 
proportionality of magnetic field strength to velocity is not open to doubt jiro- 
vided the field distribution remains the same, we are forced to the conclusion 
that the field distribution must vary with the velocity. 8u(ii a variation is indexed 
to be expected from the longitudinal tension and lateral repulsion of the lines 
of force. 

Wo now proceed to considcT this more closely'. The tension and lateral re¬ 
pulsion of the lines of force are equal to one another at every point, both for the 
electric field (Vol. Ill, p. 98) and for the magnetic field (Vtd. Ill, p. 430), being 
in both cases equal to the energy-density at the point considered. If an electric 
field moves with the velocity of light in a direction at right angles to the lines 
of force, the energy-density of the magnetic field becomes equal to that of the 
electric field at every point (Vol. Ill, pp. 197 and fil7). In this case the tension 
and lateral repulsion of the lines of force of both fields are equal. If the electrical 
energy-density in a certain region of the field is 8^ — magmatic energy- 

density for a velocity v of motion at right angles to the electrical lines of force is 
c)2. From this by a simple calculation we obtain 
S,,, = ^KoE^r^/c^. Now" the magnetic lines of force are at right angles to the 
electric lines of force. Therefore the tension along the latter is reduced by the 
lateral reptdsion between the former, so that the resultant tension along the 
electric lines of force is T = JKoE2[l — (v^/c^)]. It follows that T vanishes when 
r — c. The lateral pressure in the plane normal to the direction of motion is 
reduced to the value Ll — JKoE2[l —- (v^/c*)]; that in planes parallel to the 
direction of motion is increased to L; = JKoE^fl -f 

Hence if a plate condenser is moving in the plane of the plates, i.e. at right 
angles to the electric lines of force, the attraction between the plates decreases 
as the velocity increases. Two opposite charges moving with the velocity of light 
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in a direction normal to the line joining them do not attract one another. This is 
tile reason why the electromagnetic fields of light, which are propagated with 
th(‘ velocity c, do not collapse, i.e. do not shrink up like the lines of force about a 
conductor when the current flowing in it is stopped. This shrinking together only 
oc(Mirs when the velocity c is destroyed. Then the whole of the energy of the 
light is given up. I'hus light possesses no rest-mass (see below). 

Application of these ideas to a region of space which is spherical when at 
rest and contains charges, i.e. whose field distribution possesses spherical sym¬ 
metry (fig. 12a), gives the following result. When th(^ region is in motion, the 




Fig. 12.—Distribution of the lines of force of an electron 
(a) at rest and (6) in motion 

magnetic field-strength and hence also the diminution of the lateral pressure of 
the electric lines of forc(‘ are greatest in the equatorial plane (i.e. the plane at 
right angles to th<‘ direction of motion), hecause the lines of force are all at right 
angles to the direction of motion. The electric field component in the direction 
of nuAion, on the other hand, is not associated with a magivdic field. Hence the 
greater lateral pressures outside the ecpiatorial plane drive the electric lines of 
force into this })lano until the lateral pressure of the intensified electric field there 
oiK^e more establishes equilibrium. '^I’'hus the polar regions become poorer in 
electric lines (jf force (tig. 12?;), in the same proportion as the magnetic lines of 
force in the eipiatorial direction weaken the lateral pressure between the lines 
of force of the field. When v becomes equal to c, all the lines of force emanating 
from the charges are driven into the equatorial plane. 

iSinee the component E„ of the electric field-strength normal to the direction 
of motion increases with the velocity, the magnetic energy associated with the 
moving charges must increase more rapidly than if the field distribution remained 
unfdtered. Hence the inertial resistance for a given increase in vekxdty must 
be greater for greater initial velocities, i.e. the mass must increase with the 
velocity. The law of this increase in mass depends on the field distribution. 
This in turn depends on the arrangement of the charges. Sincje, however, in 
the spherical rcigion considered above the forces between the charges are altered 
by their motion, the arrangement of the charges must also be alt(;red. When 
this is duly taken into account (H. A. Lorentz), a mass variability is deduced 
wliich agrees with observation. 

Hence it follows that inertial energy (i.e. kinetic energy) is electromagnetic 
in cdiaractcr, being that portion of the total electromagnetic energy of the given 
system which depends on the state of motion of the system and which must be 
taken away from the system in order to bring it to rest. 
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6. Mass as Energy 


Generalization. —The relationships between mass and energy dis¬ 
cussed in the preceding sections lead to the view that every mass may 
be regarded as energy and that energy is the fundamental concept 
on which the concept of mass depends. According to this view, all 
energy changes must be associated with corresponding changes of mass, 
given by the equation W — 

Experiment shows that mass is in general conserved in j)hysical 
processes. Hence it follows from the above generalization that energy 
must also be conserved. 

Mass as Energy. —We may express the above generalization as 
follows: 

Every mass m is equivalent to an energy W = mc“. i.e. under suitable 
co 7 idiflons it may be transformed into this energy. Conversely, every 
amount of energy W is equivalent to the mass m = W/c^. 

The energy of a mass m^ (rest-mass) moving with the velocity v 
is accordingly given by the general formula 




Velocity of Light as the Limiting Velocity. —From the foregoing 
equations, whose general validity is being steadily confiruK^d by 
increasing experimental knowledge (sec below), it follows that an 
infinitely great energy would be necessary in order to give a mass a 
velocity equal to that of light. Thus, so far as material bodies are 
concerned, the velocity of light is seen to be a limiting velocity which 
can only be approached asymptotically and newer exce(‘d(*d. 

Difference between the Energy of Radiation and the Energy of an 
Electron. —The mass of a light quantum is not subject to the above 
relationships; for the quantum is shot out from the emitting system 
with the velocity of light, but its mass is only — hvjc^. A light 
quantum, moreover, possesses no rest-mass (see above). The dift^rence 
is probably connected with the fact that an electron (or, in general, 
matter) is a system in which the lines of force actually end upon charges, 
whereas the light quantum involves only closed lines of force without 
ends. Hence the relation between the mass of the light quantum and 
its velocity is quite different from the corresponding relation for matter. 
This can also be seen from the following argument. 


The boundary surface of a transparent medium irradiated by light is subject 
to a differential radiation pressure corresponding to the energy-density difference 
(W/Ci) — (W/c), where c is the velocity of light in a vacuum and is the velocity 
in the medium, being less than c. This is associated with a change of momen¬ 
tum MjCj — Me of the quantum, where M, is its mass in the medium. Since the 
frequency remains unchanged, the mass Mj at the velocity is given by 
Ml = W/Ci®. Hence the mass is greater for smaller velocities of propagation, the 
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excess being obviously derived from the medium through which the light 
passes. 

Applications of the Energy-mass Relationship. —The consequences 
of this relationship may be expected to be chiefly evident in processes 
involving the transformation of very large quantities of energy, i.e. 
especially in nuclear transformations. Thus the acc(‘pted modern 
explanation of the deviation of the atomic weights of isotopes from 
whole numbers is that these deviations are due to the energy liberated 
in the building up of the nuclei. Again, in the case of atomic trans¬ 
mutations it is usual to introduce the mass change into the equation 
of transmutation as an energy change additional to the other energy 
changes (kinetic energy, radiation, &c.). 

As an example we may calculate the energy which holds together 
the four elementary massive constituents (protons or neutrons) in 
the a-particle. For the sake of simplicity we may assume that the 
a-])artic.le consists of four protons and two electrons. The mass of 
a proton is l*Gd09 X gm., that of an electron 9-035 X 10-^® gm. 
Four protons and two electrons would therefore have mass 
4 X 1*()()()9 X 10-24 2 X 9-0 X 10 2h 6-645 X 10 24 Actually 

the mass of an a-particle is only 6-598 X 10~24 gm. The mass dilference 
of 0-047 X 10-24 gxxi, must therefore be expended as energy in order 
to split up the a-particlc into 4 protons and 2 electrons. The corre¬ 
sponding (Uiorgy is found to be 4*23 X 10 ^ erg per a-particlo. For 
1 gm.-atom this gives 4-23 X 10“^ X 6-06 X 1023 _ 2*56 X 10*^ ergs 

6-13 X 10” kcal., which is some five million times greater than the 
energy set fr(‘e by th(^ combustion of 4 gm. of hydrogen. This calcu¬ 
lation accounts for the gr(*at stability of the a-particle. So far as we 
know at ]jresent, the ord<'r of magnitude of the? calculated energy is 
not afi’ected if tht* a-particle is assumed to consist of two protons and 
two neutrons. Similar considerations also account for the stability of 
other nuclei. Thus the splitting up of a gramme-atom of oxygen 0^® 
into its elementary constituents would require an energy expenditure^ 
of 2-6 X 19® kcal. per mol. 

Energy and Gravitation. —If it is true that every mass, including 
material masses, is due to energy, then we may expect that energy 
which is not associated with matter will be affected by gravity in the 
same way as material bodies arc; A number of direct experiments 
relating to this question have been carried out. In one class of ex¬ 
periments attempts have been made to measure the possible difference 
between the inertial and the gravitational mass of energy (Southerns, 
1910; Zeeman, 1918). The equality of inertial and gravitational mass 
can be demonstrated with great accuracy by the method of Eorvos 
(see Vol. I, p. 194). For the present problem substances may be used 
which are known to possess a large amoimt of energy which they can 
give up in some process. It is natural to choose radioactive substances. 
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Thus the mass difference between 1 gm. of uranium and its end- 
products helium and lead, corresponding to the energy given out in 
the radioactive transformations, is of the order of magnitude of 10“^ gm. 
By comparing lead oxide and quartz with uranium compounds by the 
method referred to above, Zeeman was able to prove that the dif¬ 
ference between gravitational and inertial mass cannot exceed one 
part in five millions. Thus these experiments demonstrate a propor¬ 
tionality between weight and mass for the energy which is contained 
in radioactive atoms and may be liberated by their disintegration. 
From this we conclude that the energy stored up in the electronmgnetic 
fields of atoms jjossesses a weight correspomling to its mass. 

A second class of experiments is concerned with the behaviour of 
radiation in a gravitational field. The action of a gravitational force 
at right angles to the dir(‘ction of pro])agation was considered by J. 
SoLDNER (1804) on the assumption that light behav(‘S as a mass travel¬ 
ling with the velocity of light. The eff’ec;t is too small to be obstTved 
under terrestrial conditions, and so (as was pointed out by Soj.dner) 
it is necessary to investigate the deflection of light rays which, coming 
from stars, pass very close to the sun’s edg(‘. This can be done during 
total solar eclipses. If the light is attracted by the sun’s gravitational 
field and falls ” towards the sim’s centre, the deflection will cause 
an a])parent increase of the angular distance between the star and 
the sun, as viewed by a terrestrial observer. The displacement will 
decrease with increasing distance from the sun’s (Mlge. For a material 
particle moving in a hyperbolic orbit wdth the velocity of liglit the 
magnitude of the disjfiacement would be 0-87" at the sun’s edge'. For 
electromagnetic radiant energy a value of the same order of magnitude 
is to be expected. The exact value will not be the same, because liglit 
has no rest-mass and hence (according to Lenard) there can be no 
gravitational effect} on light in the direction of jiropagation, in which 
the velocity is always c. The actual experimental results still seem 
somewhat uncertain. The investigations are extremely difficult and 
there are many sources of error; in particular, it is not possible to 
allow accurately for the effect of the matter surrounding the sun. 
The most recent and, as it seems, the most reliable measurements 
(Freundlich) give an extrapolated value of 2*3" for the deflection at 
the sun’s edge, while earlier American determinations had given the 
value 1*72". The experiments so far carried out prove beyond doubt 
that radiant energy is subject to gravitatio'nal forces in the transverse 
direction, though as yet the exact law of the effect cannot be deduced 
from the observations. 

At the present time nothing can be said with certainty about the 
effect of gravity on radiation in the direction of propagation of the 
latter. It is possible, for example, that light emitted from a star of 
great mass may have some of its energy transformed into potential 
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energy, its velocity of propagation being thereby diminished like the 
velocity of a stone thrown upwards. According to electrodynamical 
laws, however, this is very unlikely. Alternatively, the velocity might 
remain constant, the diminution of energy resulting in a decrease of 
amplitude (and hence of intensity) or in a diminution of the frequency 
in accordance with the equation E/A. This latter effect would be 
observable as a displacement of spectral lines towards the red. Such 
displacement is found in the light from many distant spiral nebulae, 
and is interpreted as a Do})pler effect, due to s])eeds of recession pro- 
j)ortional to distance. Since the rest-mass of light is zero, it is probable 
(according to IjENARd) that the potential energy of light is always 
zero also. The passage of light away from a star is thus unattended by 
any increase of potential energy: not only does the total energy of 
th(*. light remain constant (as is also true for a stone which is thrown 
uj)wards), but so does its velocity. According to this view, neither 
decrea,s(‘ of intensity nor spectral displacement towards the red (apart 
from ])ossible Dopj)ler (?ffe(*t) is to be anticipated. 

C. The Corpuscular Properties of Light 

7. The Photon 

As w(‘ have se(ui abovcL light quanta may be regarded as packets of 
energy possessing mass and momentum. Thus they Ix'havc in a certain 
H(*ns(* as if they were cor])usc,ular in nature. Indeed, a large number 
of the ])rop(‘rties of light can be accounted for by the theory that the 
quanta are ])arti(des of mass (see Table XIX). In order to cmpha- 
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size this corpuscular nature, the light quanta are often referred to as 
qihotoyiii*' 

If this view is correct, the incidence of light quanta upon electrons 
or atoms or other light quanta must give rise to effects similar to those 
observed in the collision of material particles. Several effects of this 
kind are actually known. One of the most important of these will 
now be considered. 

The Compton Effect. —In 1922 A. H. Compton succeeded in showing 

♦ Gr. jphost light. 
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that X-rays (especially those of short wave-length, e.g. Mo K-radiatiou, 
for which A = 0*7 A.) scattered by light elements contain, in addition 
to the incident wave-lengths, other wave-lengths which are somtnvhat 
longer. This discovery was made possible by advances in X-ray 
technique. For the photographic exposures it was necessary to keep 
the loading of the tube constant at about 30 milliamperes and 50,000 
volts over periods of two to three hundred hours. 

The experimental results show that X-rays suffer a change of 
w^ave-length on scattering, the magnitude of the change and the ratio 
of the intensities of the modified and unmodified rays being determined 
(other conditions being the same) by the angle of observation relative 
to the primary beam. 

13 is a diagram of the experimental arrangement. The X-rays ('initted 
from the tube R are incident on the scattering sui)stance S (e.g. graphite). A 
narrow scattered beam making the 
angle 0 with the direction of incidence 
of the primary beam is selected by a 
series of slits in h'ad screens B. It is 
then spectrally analysed by means of a 
rotating crystal K, the actual observa¬ 
tions being made either phot()graphi('ally 
or by means of an ionization chamber .1 
(sec tigiire) mounted on a divided cir¬ 
cular scale. Fig. 14 shows phot-ographic 
records and fig. 15 electrometer curves 
for different values of the angle 0. In 
addition to the lines of unchanged wave- 


B B B 

Fig. 13.—Experimental apparatus 14.—Photographic record show- 

for measuring the wave-length ing the Compton effect. Above; angle 

change in the Compton effect. scattering 63 Below angle of 

scattering 90°. 

length, the scattered spectra are seen [From Handbuch der Physik, Vol. 

to contain new and somewhat diffuse XXI11 (Springer, Berlin).] 

lines of longer wave-length. For each 

primary line there is one displaced line, the difference between their wave¬ 
lengths increasing with the angle of observation 6. 

It is a remarkable fact that the difference of wave-length AA 
between corresponding unmodified and modified lines when 6 -= 90“ 
is independent of the wave-length of the primary X-rays and of the 
nature of the scattering substance. The value of AA is always 0*024 A. 
On the other hand, the relative intensities of the unmodified and 
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modified lines vary markedly with these factors. As the atomic number 
of the scattering atoms increases the intensity of the modified line falls 
off rapidly. The same is true for increase of 
primary wave-length. In the case of y-rays, 
which are of very short wave-length, the scat¬ 
tered spectrum consists almost entirely of 
modified radiation. In the case of light, 
which is of relatively very long wave-length, 
only the unmodified lines can be detected (see 
also p. 380). Other conditions being the same, 
the relative intensity of the modified line also 
increases with the angle of observation d (see 
e.g. fig. 15). 

Theory of the Compton Effect. —The observed 
characteristics of the effc'ct, especially the de¬ 
pendence of AA upon the angle of scattering d 
and its in(lei)endence of the nature of tin*- 
primary wave-length and of the nature of the 
S(;att(.'riiig material, lead to the following inttn*- 
pretation. 

The scattering of X-rays with change of 
wave-length may be regarded as due to the 
collision of ii light quantum (photon) with 
an ekictron, both being assumed to be elastic 
spheres and the kin(‘tic energy of the ])hoton 
btung taken as equal to hv. Such a collision is 
rpproKonted diaRraramatically in fi{?. 1(1, wavy relrd sh’^ng t 

lines being us(hI for the path of the photon and 
a straight line for that of the ek^ctron. Let iiavdbuch d?r 

be the frequemey of the primary X-rays and (Springer, Berlin).] 
e that of tlie rays modified by scattering. 

Further, let v hv the velocity, the mass, and the rest-mass of 
the electron. Let 0 be the angle of ol»servation (i.e. the angle between 


m 

Fig. 16.—Collision of a photon with an electron 

the direction of the scattered X-rays and that of the incident 
X-rays) and ^ the angle between the primary direction and the 
direction in which the electron is struck. Taking account of the 
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variation of the mass of the electron with its velocity, by the principle 
of conservation of energy wc have 


where P = v/c. The principle of the conservation of momentum gives 
for the direction of the primary beam 


hv . , m^.v . 

COS 0 H-T—--COS 0 , 

c Vl - p- 


and for the direction normal to the primary beam 


0-= 


Jiv 

c 


sin a H-r— — 

VI - p^^ 


sin <f>. 


The angle ^ may be eliminated by squaring and adding those last 
two equations, after taking the terms in ^ to oik' side. Tlien v may 
be eliminated by using the energy equation. This leads to the result 

__, 

1 4- A(1 — cos 6) 

where 

A _ 

tl. - 

From this we at once obtain the wave-length displacement, namely 

?-^ (1 — cos^). 

Co 


The numerical value of hj{m^c) is 0-0242 X 10~® cm., so that when 

0 z= 90^ (i.e. COS0 = 0) the theoreti(;al 
value of A A is 0*242 A., in agreement 
with observation (see above). 

In virtue of the principle of the 
conservation of momentum, the pro 
cess must take place in a plane. 

We see that this theory accounts 
for the fact that the wave-length 
change on scattering is independent 
of the scattering material and of 
the primary wave-length. The theoretical variation of AA with the 
angle of scattering 6 (represented in polar co-ordinates in fig. 17) is in 
excellent agreement with observation. In the region of very short 
wave-lengths (y-rays) the wave-length change may be 100 per cent or 
more. In this region the frequency of scattering is also much greater, 
i.e. the relative intensity of the modified line is greater. 



Fig. 17.—Variation of the wave¬ 
length change in the Compton effect 
with the angle of scattering. 
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Further Experimental Results on the Collisions occurring in the 
Compton Effect. —If the above theory is correct, it ought to be possible 
to detect the recoil electron which is struck by the photon. In fact 
we have already met with it as a scattered electron in fig. 37, ]). 55. 
The preferential distribution in the direction of the incident radiation 
is also apparent. In contrast to the photo-electrons, the recoil electrons 
only take up a fraction of the energy of the incident photon; hence 
their velocities are smaller than those of the photo-electrons and their 
path lengths (cloud-tracks) much shorter. 



Fig. 18.—Cloud-chamber photograph showing the collision of a 
photon with an electron (after Compton) 

[From Zeitschrift fur technische Physik (J. A. Barth, Leipzig, 1927).] 


Fig. 18 shows a cloud-chamber photograph in which it is possible to make 
out both tlic. track of the recoil clwtron and also that of the scattered (piantum— 
the latter by means of a photo-electron liber¬ 
ated after the (.V)mpton-elTcct collision. Photo¬ 
graphs of this sort makt; a direct test of the 
formulae deduced above possible. Of a total 
number of 850 expo.sures, 38 showed both eleci- 
tron and scattered photon and 18 gave a rela¬ 
tion between the angles in agret^ment with the 
theory given above. Fhe relatively high pro¬ 
portion of exposures showing both electron 
and scattered photon furnishes proof that the 
scattering of the X-ray photon and the ejection 
of the ele(3tr()n from the atom concerned must Fig. 19.—Diagram of the experi- 
be almost simultaneous processes. This ques- investigating 

tion whether the two processes are simultaneous tering and electron recoil in the 
is answered even more conclusively by the Compton effect, 
experiments of Bothe and Geiger. These 

investigators set up two ionization counters very close together in a space filled 
with hydrogen (see fig. 19). One of these counters (shown on the right in the figure) 
was 80 arranged as to respond in the main to electrons; while the other, being 
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filled with air and closed with a platinum foil which absorbed electrons but trans¬ 
mitted X-rays, Avas sensitive only to X-rays. A Y)rimary X-ray beam was made 
to pass between the two counters and was scattered in the j^as as indicated in 
the figure. It is clear that if the processes of scattering and electron ejection 
are simultaneous, then there must be a large number of simultaneous responses 
{“coincidences”) in the two counters. The actual experiment showed that tlie 
number of such coincidences Avas considerably greater than that to be expected 
from mere chance. 

In the discussion given above it was assumed that the photon 
collides with a “ free ” electron, i.c. no acc^ount was taken of the forces 
binding the electron to its atom. The agreement between theory and 
experiment provides justification for this assumption, so far as the 
lighter elements are concerned. The effect of the forct's binding the 
electron to its atom is probably to be seen in the broadening of the 
displaced lines. The absence of the effect in the case of visible light 
may be accounted for as due in part to the very small energy of the 
quanta in this region, but may be regarded as a consequence of the 
progressive approximation to classical electrodynamical behaviour 
with increase of wave-length. 

8. Relation between the Corpuscular and the Undulatory 
Properties of Light 

Up to the present it has not been found possible to ov(u*eome the 
difficulties which lie in the ’way of any attempt to recoinuh^ the iindu- 
latory and corpuscular theories of light. In ordcu- to appreciates the. 
magnitude of these difficulties, it is only necessary to recall that on the 
one hand experiment indicates existence of coherent wave surfac'es of 
30 metres width, while on the other hand the whole energy of a light 
quantum may be concentrated upon an atom and even (as may be 
seen in fig. 18, p. 237) upon the extremely small spatial region™-of 
diameter something like 10 "^^ —occupied by an electron. More¬ 

over, numerous experiments have been carried out on the photo¬ 
electric effect at very low light intensities, and no departure from 
regularity has been observed. The number of photo-electrons liberated 
remains proportional to the incident intensity even when only a few 
photons are emitted from the source per second. Similarly, interference 
experiments at these very low light intensities give the normal dis¬ 
tribution of interference fringes. Since interference phenomena un¬ 
doubtedly indicate that the coherent properties of light have a certain 
extension in space (cf. Schrodinger’s experiment, p. 218), we are 
forced to make either the very improbable assumption that the atoms 
involved in the photoelectric effect are capable of suddenly collecting 
the necessary energy hv out of a large spatial region, or else the equally 
improbable assumption that they gradually take up energy from the 
radiation field until the quantity hv is accumulated and an electron 
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is ejected. In the latter case, if the irradiation were terminated before 
the full quantity of energy hv had been amassed by an atom, we should 
expect that the fraction would be given up in some way or other. 
Joff6 and Dobrowavoff were able to show that a small particle of 
bismuth (diameter about 10“^ cm.) suspended in an Ehrenhaft con¬ 
denser showed the photoelectric effect even when irradiated by X-rays 
of such low intcmsity that the alterations of charge occurred at intervals 
of half an hour. 

Exp(‘riments have also becui carried out with a vi(w to subdividing 
the light quanta and then investigating the photoelectric effect pro¬ 
duced by the ]>arts. When a beam of light is S(qjarat(‘d into two partial 
beams by a semi-reflecting layer, it is found that both of the partial 
beams giv(‘- th(i normal photoelectric effect; the intensity is })ropor- 
tionally less than for the original beam, but the velocity of the photo- 
electrons still corresponds to the full energy quantum hv. At the same 
time it must be borne in mind that the two partial beams are capable 
of showing interf(‘renc(‘ effec^ts, so that they must have originated in 
the same elementary ])roc(^ss of emission. 

It has furthc‘r becm found possible by means of Kerr cells to subject 
b(*a.ms of light to periodic interru})tions with a frequency of per 
second (Rxu‘]‘). Alfhough the light quanta must thereby have been 
broken up into smalku’ j)arts, no alteration of frequency is observed 
such as might have been exjxected from the equation v = E/A and the 
smaller eiu'rgy of these parts. The only effect is a br(»adening or split¬ 
ting of th(* originally monochromatic spectral line in accordance with 
the superim])OS(Hl p('riodic modulation. 

Thus while some of the observed phenomena indicate a con¬ 
tinuous radiation field as required by classical electrodynamics, other 
ph(‘nomena jioint to a very intense concentration of the energy in small 
packets or photons. In certain cases, moreover, one set of experiments 
gives the oiu' type of rt'sult and another set simultaneously gives the 
other type. This leads to the conclusion that the formula.' of classical 
electrodynamics, at least in th(‘ optical and short-wave regions, can 
only have a statistical meaning, i.e. they can only express the prob¬ 
ability that a photon will be encountered at a given position in space. 
According to this view, a dark interference fringe is not to be regarded 
as due to the superposition of two spatially-extended wave-trains, 
but rather as a region which the special experimental arrangement 
prevents any photons reaching. From this point of view it is possible 
to explain "the results of photoelectric experiments with very low 
light intensities, there being a certain probability that an atom will 
be struck by a photon whose energy is concentrated within a very 
small space. Thus the electrodynamically‘determined field is to be 
regarded merely as a kind of directing field and the electric and mag¬ 
netic vectors as having only a statistical significance. The intensity, 
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as calculated on the wave-theory, then expresses the probability of an 
encounter with a photon at the position in question, i.e. the average 
rate of arrival of photons, as experimentally observed. 

The present state of the problem is most unsatisfactory, and in 
spite of the recent advances in the theory of light emission (see p. 272 
et seq.) no path leading to a solution can as yet be discerned. This 
state of affairs is strongly reminiscent of the initial stages in the 
development of the quantum theory (see p. 19()), when the energy 
relationships involved in the interaction of matter and radiation were 
in accordance with the quantum postulates but their probability 
(i.e. the intensity and polarization of spectral lines) was deduced by 
reference to the classical wave-theory (correspondence principle). The 
development of a quantum electrodynamics is still at its beginning. 

From the corpuscular properties of photons it must be concluded 
that they are shot out from the emitting atom within narrowly-d(*fined 
solid angles (about 10"^ as deduced from the experiments of Joffk 
referred to above) and that light quanta are not emitte<l in the form 
of spherical waves in accordance with classical electrodynamics (see 
Vol. Ill, fig. 27, p. 626). The term “light darts”* is sometimes used 
to emphasize the directional nature of light emission. 

The question can be investigated further by the following experi¬ 
mental method. Imagine a radioactive preparation which emits y-rays. 
Let the source be so weak that the irregularities arising from the tim(‘- 
variations in the radioactive disintegration are easily observable. If 
the y-ray emission is in the form of spherical waves, there should be 
no differences in the intensity of the rays at different points around 
the source at a given distance from it. Thus suitable ionization chambers 
or comiters placed at these points should register only the time-varia¬ 
tions and should show no mutual variations dependent upon their 
positions. Experiments of this kind, carried out by E. Meyer in 1910, 
gave the result that y-rays exhibit the same sort of directional variations 
as do the corpuscular a-rays. This makes it clear that the energy of 
y-rays must be concentrated in just as small packets as the energy of 
a-particles, i.e. that y-rays must be corpuscular as far as energy effects 
are concerned. Experiments have recently been made with the object 
of demonstrating the recoil of the emitting atom due to the ejection 
of a photon in a definite direction. For this purpose a narrow beam 
of sodium atoms was irradiated with light corresponding to the reso¬ 
nance line. The result was an appreciable broadening of the beam, 
which may be interpreted as due to the lateral recoil of the atoms as 
they re-emit the light. The magnitude of the broadening effect appears 
to agree with that to be expected on theoretical grounds. 

Doppler Effect and Compton Effect. —It is interesting to consider the Doppler 
effect from the point of view of the corpuscular theory of light, for it is then 

♦ Ger. NadeUtrahlunq . 
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seen to be quite analogous to the Compton effect. In the treatment which follows 
no account will be taken of the variability of mass with velocity. 

Let and Mvi be the initial velocity and momentum of the atom respectively, 
the corresponding quantities after emission bcdng Vg S'!!*! ^^2 20). Let the 


Mv, 



emission of the light quantum be in the perfectly definite direction towards the 
observer at A, so that the atom is given a momentum in the opposite direction. 
As experiment shows (p. 220), the relative motion of the atom with respect to 
the observer produces a Doppler effect, i.e. the frequency measured by an observer 
at rest at A is not the fn'quency v which would be observcul for an atom at rest, 
but has a different value v'. According to the principhi of the conservation of 
energy, we may equate tlie energies before and after the emission 2 )rocess, i.e. if 
Wj and Wo are the energies of the atom in the stationary states before and after 
emission respectively, we may write 

\\\ + ULqS = w, .}_ /iv', 

or 

_ ,.^ 2 ) = ^v' - (Wi - W,). 

r>ut /iv = Wj -- Wg. Hence, writing v' — v = Av and = Ar, we have 

^Av = — *'2“) — 2^IAr(fj -}- v.j) — MAt’r, 

where ?? = -f- ^^ 2 ) mean of the initial and final velocities. By the 

principle of the conservation of momentum we have in addition, a 2 )proximately, 

Mr, =■= Mr, + *'''cos0. 

c 

or 

cosO. 

c 

Combining this with the equation obtained above, we have 

Av = v'^ cosO, 
c 



c 


If we regard v cosO/c as small relative to unity, an assumption which is justified 
in view of the fact that no account has been taken of the variation of mass with 
(e957) 






242 


WAVES AND CORPUSCLES 


velocity, this equation may to a first approximation be rewritten in the form 

v' = V ^1 -j- ^ cos 0^. 

This is the same formula for the Doppler effect as was deduced from the wave- 
theory (cf. p. 210). Here it is deduced from the corpuscular point of view, the 
change of frequency being regarded as due to the recoil of the emitting atom as 
it loses a photon. Thus the present discussion is analogous to that given previously 
for the Compton effect. 

All phenomena connected \\nth alterations of direction can be 
interpreted in a similar manner, i.e. by the corpuscular theory without 
reference to the wave-theory. This is true, for example, of reflection, 
refraction, and diffraction. Thus the interference phenomena of X-rays, 
as obtained with crystals, can be accounted for in terms of a quantized 
exchange of momentum between photons and crystal lattice, the 
lattice constant entering into the calculations as ono of the determining 
factors. 

Axial Properties of Light Emission and Atomic Structure. — The 

discovery by J. Stark of the axial nature of the emission of light is an 
important contribution to the general probh'm of radiation. 

The electric field of the isolated hydrogen atom possesses (at least 
approximately) central symmetry. The superposition of a uniform 
external electric field gives a resultant field having axial symmetry. 
Along the axis, however, the field is asymmetrical: on the one side 
the atomic field is strengthened, on the other side weakened, by the 
external field. The corresponding series lines of the heavier elomcuits 
(without external field) are found to behave analogously to the Stark- 
effect components of the hydrogen lines. From this Stark concluded 
that the atomic field of these elements must have? a structure analogous 
to that of the hydrogen atom in an external field. This structure is 
apparent, e.g. in the axial nature of the valency fields of atoms like 
carbon and nitrogen. 

There is a genetic relationship between the electric field of an atom 
and the electromagnetic field of the light which it emits. Hence the 
light emitted from an atom whose field has an axial structure may be 
expected to show corresponding axial properties. Experiments carried 
out by Stark showed that this is actually the case. 

In order to be able to observe the axial properties of the light, it is 
necessary to orient the emitting atoms in a definite manner; otherwise 
the emission takes place in all directions and only natural light is 
observed. 

For the purpose of directing the emitting atoms Stark made use 
of the so-called “ axial effect of canal rays This is the orientation 
effect observed when canal rays are passed through a gas. Whenever 
a canal-ray particle strikes or passes close to a gas atom, the latter 
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exerts a directing force upon it. Hence the canal-ray atoms are all 
oriented in the same manner. 

Under these circumstances the light emitted by the oriented canal 
rays is found to be polarized. This is true both for atoms in motion 
and for atoms at rest. The quantity 



where and I., are the intensities of the components polarized parallel 
and normal to the canal-ray direction respectively, is not of the same 
sign for all lines. The sign dillers for different elements and for different 
series. 

In addition to this })olarization, the light emitted by the canal rays 
shows axial })roporties as regards intensity. The intensity of emission 
in the forward sense along the dire(!tion of th(‘ (uinal rays is not the 
same as that in the backw^ard sense (Stark, 1910). In the actual 
ex])erim(‘nts tlie observations are not made in the direction of the canal 
rays, but at various angles. The intfmsity ratio 145 -/ 1135 - is then a 
measure of the magnitiuh} and direction of the axial nature of the 
light. TIuj diiHM'tion in the case of emission from atoms at rest may 
h(‘ o])posite to that in the case of atoms in motion. 

The atoms can also be orientc'd axially by means of an applied 
eh'ctric fi(‘]d normal to the direc^tion of motion of the canal rays. 
Inter(*s 1 ing n‘lationshi])s are then observed in the relative intensities 
of the components in tlie longitudinal Stark effect. Thus, for example, 
the ratio of the intensity of a component displaced towards the red to 
that of the corresponding component displaced towards the violet is 
found to be less than unity for all the hydrogen lines of the Balmer 
series hitherto investigated, the emisvsion being in the same sense as 
tlie electric field. This ratio is also less than the corresponding ratio 
when the emission is in the opposite sense. 

The polarization of characteristic X-radiation, mentioned on p. 58, 
also indicates that the emission must be axial in character, i.e. must 
deviate from the classical assumption of s})herical symmetry. 

D. The Wave Properties of the Electron 

9. Interference Effects with Electrons. 

Some features of the interaction of moving electrons with matter 
have already been discussed in Chapter I (p. 33). All the ])henomena 
dealt with so far have been in harmony with the theory that electrons 
are minute corpuscles spinning about their own axes, let, just as 
radiation (previously regarded as consisting of waves) has been found 
to have properties which are best accounted for by a corpuscular 
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theory (see p. 117 et seq.), so also in the interaction of electrons with 
matter phenomena have been observed which are best accounted for 
by a wave-theory of electrons. Thus moving electrons are found to 
show interference effects such as are usually regarded as characteristic 
of waves. From the effects it is possible to ascribe a definite wave¬ 
length to the electrons in question. 

Historical. —The first indications of effects of this sort were observed by 
Davisson and Kunsman in 1923, but no special attention paid to them at 
the time. The first definite cviciciK^e of the wave-nature of elc(?trons was supplied 
in 1927 by the experiments of Davisson and Cermkr on the reflt'ction of electrons 
at the surface of single cr^'stals of nickel. These experiments attracted great 
interest in view of the fact that three years previously De Droglie had predicted 
the possibility of such effects from purely theoretical considerations. De Broglie’s 
formulyc were found to be in agreement with the experimental measurements. 

Diffraction of Electrons by a Lattice. --Tlie undulatory nature of 
light is deduced from interference plienornona. One of the simplest 
methods of determining wave-lengths depends on diffraction effects 



1 

I'lR. 21.—Diagram of the experimental apparatus 
for investigating the diftraction of electrons by a grating 
(angles greatly exaggerated). 


produced by a grating. In 1928 Rupp succeeded in showing that 
electrons incident on ruled metal gratings exhibit entirely analogous 
diffraction effects. 

The beam of electrons originating at E (fig. 21) strikes the metal plate G 
at the very small angle 0, The metal plate is ruled in parallel lines (say 1300 per 
centimetre). The electrons are reflected so as to fall on a photographic plate 
placed, as showm in the figure, at a distance GF — I from the point of incidence 
of the electrons upon the grating. On the assumption that a definite W'ave-length 
X can be ascribed to the electrons, we shall get (in addition to the regularly re¬ 
flected maximum at R) a series of diffraction maxima Bj, Bg. Then, if the angle 
RGBj is a, a simple argument exactly similar to that for the corresponding optical 
case gives cosO — co8(0 -f a) == rik/d, or, for small values of 0 and a, 

rX = |da(a + 20), 

where d is the grating constant and n the order of the diffraction maximum. 

In this method d and a are known, while A and 6 (the latter on 
account of its smallness) are to be found. Hence in order to determine 
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A absolutely it is necessary to measure the position of at least two 
diffraction maxima. The conditions which must be fulfilled if the ex¬ 
periment is to succeed are as follows: (1) the grating must be of metal, 



Fij?. 22. -Oiagram of apparatus for investigating the diffraction of elec¬ 
trons. by a grating (after Rupp) 

K, cathode; (J, incandescent wire (second cathode); b, screens with 
small holes; Gi. grating; VV. incandescent wire for bombarding the grating 
with electrons for the purpose of cleaning it; F, photographic plate. 

[From Ergehnisse der exaktfn Natunvissemchaften, Vol. IX (Springer, Rerlin).] 


so that surface charges may be avoided; (2) the eh^ctron beam must 
be subjected to a longitudinal magnetic field in order to keep it suffi¬ 
ciently sharply defined; and (3) the surface of the grating must be 
previously freed from adsorbed gases by bombardment with fast 


t' 

L...„ 

Fig. 23.—Diffraction of electrons on reflection (after Rupp) 

a, without grating; 6, with grating (150 volts). The directly 
reflected beam is on the left. 'Fo the right arc two orders of 
diffraction. 

[From Ergebnisse der exakten Natunvissenschaften, Vol. IX (Springer, Berlin).] 



electrons. The experimental arrangement is showm diagrammatically 
in fig. 22. Typical experimental results arc reproduced in fig. 23. Two 
maxima are seen in addition to the directly reflected maximum. 

In these experiments the angle 9 was found to be about 10~®. The wave-lengths 
were found to be 1*5 A. for 70 volts, 1-0 A. for 150 volts, and 0-7 A. for 310 volts 
accelerating potential. Thus the wave-lerigths ascribable to these cathode rays 
(moving electrons) are of the same order of magnitude as those of X-rays, and 
decrease with increasing electron velocity. There can be no doubt that the dif¬ 
fraction effects are produced by electrons, because the diffraction pattern can 
be displaced by the action of a magnet. This shows that the effects cannot arise 
from electromagnetic waves. 

De Broglie’s Hypothesis. —In 1924, before effects of the kind referred 
to above were known experimentally, De Broglie in his doctorate 
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thesis put forward the hypothesis that a wave-motion can be associated 
with every mass in motion. This idea was suggested to him by the 
analogy which exists between one of the hmdamental laws of mechanics, 
the so-called principle of least action, and one of the fundamental 
laws of optics, Fermat’s principle (Vol. IV, pp. 221 and 222). Tlie 
former principle states that the path described between the points 
A and B by a massive particle imder the influence of forces is such that 
the line-integral of the mechanical velocity v is a minimum (or has an 
extreme value). This may be expressed as follows: 

/ vds = minimum, 

Ja 


where ds is the element of path. As was shown by Maupkktuis and 
Euler, the fundamental equations of mechanics can be deduced from 
this principle. Fermat’s principle, on the other hand, states that the 
optical path of a ray of light between two points A and B is such that 
the time taken is a minimum (or has an extreme valii(‘). This may 
be writt(ui in the form 



= minimum, 


where u is the wave velocity. We see that the two fundamental 
principles are formally analogous, the mechanical velocity v on tlic‘ 
one hand corresponding to the reciprocal of the wave velocity u on 
the other. 

In order to obtain a connexion between moving mass m and wave, 
De Broglie as a pure hypothesis equated iho mechanical momentum 
of the mass (namely, 7riv) to the. momentum ///A (see p. 221) of the wavevs 
associated with it, i.e. he put 

h \ 

— mv or A —. 

A mv 


In applying these equations to electrons it is convenient to make 
use of the volt-V(docity U -- inn^je instead of tlie mechanical velocity 
V. Substituting the known values of c, m, and h, we obtain 

Y -jj X 10~® cm., 
where U is measured in volts. 

It follows that electrons with a velocity of 150 volts are associated 
with a wave-length of 1 A. Actually the wave-lengths obtained from 
the diffraction experiments described above agree within the limits 
of experimental error (a few per cent) with the values anticipated from 
the formula. Hence it is established that moving electrons do in fact 
possess a quite definite wave-length, just as light does. 
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It must be clearly realized, however, that there is a fundamental 
difference between electron waves and light waves. Light waves are 
electromagnetic. Their velocity of propagation in space devoid of 
matter is c — 3 X 10^® cm./sec. The waves of moving ehxjtrons are of 
quite a different character, and their real nature is so far unknown. 
Tlie velocity of propagation of their energy (i.e. their group velocity— 
see Vol. IV, p. 172) is equal to the mechanical velocity v of the massive 
particle. Now it will be shown below that the wave velocity u (phase 
velocity) is given hy u~ c^jv. Hence, since v must always be less than 
c (p. 230), this wave velocity must always be greater than the velocity 
of light. For example, electrons moving with the velocity of 
cm./sec. (about 3(),(H)() volts) must have ascribed to them a wave 
velocity three times that of light. 

The equation u — referred to above follows from the relation- 
shi}) Xv -- u, which holds for all waves, and from the energy (‘quation 
hv which is found to hold for ele(*tron waves. Combination of 

these ecpiations gives — hu/X. Since, in addition, A = hl(mv) 
(se(‘ abov^e) we obtain 

6*2 — UV. 

We have no knowledge of the real nature of electron waves. The fact that 
their velocity of propagation (wave velocity) is so much greater than the velocity 
with which their oiuTgy is propagated (group velocity) need not cause surprise. 
The dilTerence between wave velocity and group velocity has been dealt with 
in \\)1. IT (p. 222). Reference may be made in this (connexion to Michelson’s 
measurements oi the velocity of light in carbon disulphide (see Vol. IV, pp. 219, 
220 ). 

10. Further Experiments on the Wave Properties of 
Electrons 

Since the wave-hmgths of electrons of ('xperimentally-attainable 
velociti(\s are of the same order of magnitude as those of X-rays, and 
since a crystal lattice constitutes a periodic array of disturbing points 
for electrons just as it is for X-rays, we may exp(‘ct to get interftTtuice 
effects when electrons are allowed to fa,11 on a crystal. (Jne fundamental 
difference between electrons and X-rays must, however, be taken into 
account: electrons carry an electric charge and hence may be deflected 
by electric or magnetic fields. These deflections are greatest for elec¬ 
trons of lowest velocity. When slow electrons are used, the fields 
which (‘xist in crystals may therefore bo expected to cause appreciable 
deviations from the behaviour of X-rays. 

Diffraction of Fast Cathode Rays by Crystals. -All the three X-ray 
methods, the Bragg method, the Laue method, and the Derye- 
ScHERRER method, find their analogues in the case of fast electrons. 

Fig. 24 illustrates the principle of the experimental apparatus for 
making fast electrons pass through thin foils. The beam of electrons 
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Fig. 24.—Diagram of apparatus for inves¬ 
tigating the passage of electrons through 
thin foils. 


is emitted from the incandescent electrode G and, after passing through 
a series of small holes in screens B, falls on the thin foil F (or on a very 
fine powder spread over the surface of a foil). The trace received on 

the photographic plate P shows (in 
addition to the central point corre¬ 
sponding to direct passage of the 
electrons through the foil) a num¬ 
ber of rings corresponding to the 
Debye-Scherrer rings obtained 
with X-rays. The centra] spot 
is difbise on account of the effect 
discussed on p. 234. The thickness of the metal foils used lies between 
and cm. They may be prepared either by condensation 
upon rock salt which is afterwards dissolved away (Rupp’s method) 
or else by sputtering upon cellulose acetate (G. P. Thomson).* If the 

foil is too thick no interference 
effects are obtained, but only a 
general scattering of the kind dis¬ 
cussed in Chapter I. This is one 
of the reasons why the discrete 
rings were not observed earlier. 
Fig. 25 is a reproduction of the 
rings obtained with a silver foil. 
Interference effects of this kind 
were first observed in 1927 by 
Thomson and in 1928 by Rupp. 
It is certain that the effects are 
really produced by electrons, b(‘- 
cause the interference pattern is 
distorted when a magnet is held 
near the plate (see fig. 26), The 
pattern produced by X-rays of the 
same wave-length would present 
the same initial appearance as that produced by electrons, but would 
remain quite unaffected by a magnet. 

Measurements upon the interference patterns obtained with elec¬ 
trons show that the electron waves behave quantitatively in the same 
way as X-rays. The same formulae for the interference maxima apply 
to both, and the same value is obtained for the lattice constant of the 
crystal, provided that the wave-length ascribed to the electrons is in 
accordance with the equation already given above. 



Fig. 25 .—Diffraction of fast electrons 
(36,000 volts) by a silver foil (A = o*o6 A.) 

[From Mark and Wierl, Zeitschrift fur 
Physik, Vol. LX (Springer, Berlin).) 


Peculiar results are obtained with thin slips of mica, which are single crystals. 
In this case, as is to be expected, the pattern is analogous to the Laue type of 

♦Sir G. P. Thomson (1892—), Professor of Physics, Imperial College of Science, 
since 1930; Kobel Prize for Physics, 1937. 
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X-ray pattern (see fig. 27). At higher electron densities interference eficcts of 
(juite a different character appear. These are similar to the effects produced with 



Fig. 26.—Distortion of an electron diffraction pattern 
hy a magnet (after Thomson) 


light, when a two-dimensional lattice is used. Thus under these conditions the 
mica loses its periodic properties in the diretdion of the beam—a consequence. 



Fig. 27.—Diffraction of electrons by thin mica 
(45,000 volts) 


[From Jahrbuch des Forschungsimtituts der A.E.G., 
Vol. II (1930) (Springer, Berlin.] 


as Rupp showed, of the splitting of the crystal under the intense electron bom¬ 
bardment. With tliickcr sheets of mica more complicated processes occur and 
patterns like that shown in fig. 28 are obtained. 
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Experiments with Cathode Rays of Moderately High Velocity.— 

The principal experiments of this kind (with electrons of a few hundred 
volts velocity) were carried out by Rupp in 1928. The conditions of 



Fig. 28.—Diffraction of electrons by thicker mica (A — 0 048 A.) 

Twice original size 

expc'riment are less favourable than for fast (‘loctrons, the chief diffi¬ 
culties being the preparation of sufficiently thin foils, th(^ rend(Ting 
of the electron beam uniform in velocity, and the sensitization (by 



Fig. 29 .—Diffraction of moderately fast cathode rays 
(180 volts) by silver (after Kupp) 


means of oil) of the photographic })late. Fig. 29 is a reproduction of a 
diffraction pattern obtained with a silver foil and electrons with a 
velocity of 180 volts. A method (jonsiderably simpler than photo¬ 
graphic recording is to determine the electron distribution behind the 
foil by means of a collecting cage. 

Measurements upon the observed diffraction patterns show that 
they do not obey the X-ray formute. This result is due to influence 
of the fields of the lattice on the slow electrons. 
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Refractive Index and Internal Potential. —The deviations from the X-ra^ 
formula) can be accounted for by supposing that the wave-length of the electrons, 
which is X in air, .assumes a ditTerent value X^ in the interior of the metal. Wo 
may accordingly introduce a refractive index p,. defined by analogy with the 
optical case as p = X/X^^. Such an alteration of wave-length involves a corre¬ 
sponding change of velocity (see the equation on p. 246), which indi(^ates that the 
electron is subjected to an electric field in the direction of its motion. In the 
case of metals p is greater than unity; in the case of non-conducting crystals it 
is generally less than unity. With increasing electron velocity the value of p 
approaches unity for metals. Thus on penetrating into a metal the eleertrons 
are accelerated by an electric field. If the extra velocity so imparted is (in 
volts), we have 



/U + Eo 

V u ’ 


where U is the original volt velocity. This inner electric field is probably also 
the cause of the work which must be done in order to free an electron from the 
metal in the photoelectric clfect. The so-called inner potential (in volts), as 
calculated from the refractive index for electrons, has the following values for 
(litferent metals: 

Fe Zn Ni Cu Ag Au A1 

14 16 16 13-5 14 14 17. 


Regarding the fact that p is less than unity for non-conducting crystals, i.c. that 
the el(‘ctrons have to overcome an opposing held, it is not possible to make finy 


precise statement, since the opposing held 
might be due to electrons which had 
adhered to the surface. 



In the (lift'riUitioii patterns ob- 
tain(*(l with oloctrons rings are often 
ol)serv(*ti whieli do not appear in 
the corres{)on(liiig X-ray ])atterns. 
Thtdr non-a])pearanee with X-rays 
is due to the effect of interferences 
of high ordtTS which .arc negligible 
in the case of (*lectrons, owing to 
the relatively small pcuietration of 
the lattt'r into the crystal. 

Maxima are also observed with 
electrons at positions corresponding 
to half-integral orders. These are 
given by m(‘tals containing gases. 



Fig. 30.—Diffraction ol clt'Ctrons by a 
beam of vapour (CC'b; 36,000 volts) 


[From Ergebmsse der exakten Natunvissen- 
schaften, Vol. IX (1030) (SprinRcr, Herhn).) 


Tbt*ir cause is not yet fully understood. 

Diffraction of Electrons by Gases.— Just as in the case of X-rays 


(Debye, 1927), diffraction effects can be observed when electrons are 
made to pass througli a stream of gas (Mark and Wierl, 1930). Fig 
30 shows a typical ring pattern. The theory given by Debye makes 
it possible to determine, from the distances between the rings, the 
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distances between the atoms in the molecule of the gas. For example, 
the distance between the chlorine atoms in the CCI 4 molecule is found 
to be 3*14 A. The method promises to give 
valuable information in a number of imi)ortant 
chemical problems. 

Experiments upon the Reflection of Electrons. 

—The first experiments which indicated that 
interference effects could arise in the interaction 
of electrons and crystal lattices wore of the 
reflection type (Davisson and Geiimer, 1927). 
The first method corresponds to the Laue method 
for X-rays (p. 63 ). The experimental arrange¬ 
ment is shown diagrammatically in fig. 31. A 
narrow beam of electrons from the source E is 
allowed to fall on the crystal. In the figure 
the octahedral ( 111 ) face of a cubic crystal has 
been chosen. The intensity of the electrons 
thrown! back (reflected) from the crystal at 
various angles is determined by means of the 
collector K. The crystal can also be rotated 
about a normal to the face under investigation 
{variation of azimuthal angle). In this way a complete record of the 
distribution of the reflected electrons in space is obtained. In 
addition, determinations can be made for different electron velocities, 
as well as for different positions of the collector in space. By means of 
an auxiliary opposing field the collector is adjusted so as to admit 
only electrons w’hich have suffered no loss of energy. 

Fig. 32 shows the results of a series of measurements with electrons of different 
velocities, using the (111) face of a single crystal of nickel. In each polar diagram 



Hff. 31.—Diagram of 
apparatus for investigat¬ 
ing the reflection of elec¬ 
trons from a face of a 
single crystal ((i 1 1) face). 


.0 



Fig. 32.—Reflection of electrons of different velocities at the 
(ill) face of a single cry^stal of nickel 


the radius vector is the intensity of reflected electrons and the angles are the 
corresponding 0-values (see fig. 31). The crystal is kept in one definite orientation 
throughout. We see that there is a very marked maximum of reflection for 
0 = 60° and for electrons of velocity 54 volts. This maximum is almost exactly 
in the spatial direction in which X-rays of the same wave-length would show an 
intensity maximum in consequence of interference effects produced by the crystal 
lattice. (The wave-length of the electrons is calculated from the formula 
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X = V 150/0 X 10'"® cm., given on p. 246.) The agreement is not quite exact. 
The discrepancy is now known to be due to the effect of the internal field of the 
crystal lattice ui)on those relatively slow electrons (sec above). When the internal 
potential is taken into account the discrepancies vanish. There can be no doubt 
that the observations here described are true interference effects, for the maxi- 
niura represented in fig. 32 is not the only one which appears. Maxima are found 
for all the directions and all the wave-lengtlis for which maxima are to be 
expected from the theory of the corresponding X-ray case. 

In another method, analogous to the Bragg X-ray method (p. 70), 
the electron beam is allowed to fall on the crystal at different angles, 



Fig. 33- — Diffraction 
maxima in the reflection 
of electrons at the (in) 
face of a single cr>stal of 
nickel. 



Fig. 34.—Diffraction of electrons of dif¬ 
ferent velocities at the (in) face of a single 
cr>’stal of nickel. Angle of incidence io“. 


and the intensity of electron reflertioii at different angles is measured 
by UK'ans of a collector with a small ayierture. A maximum is observed 
whenever th(i Brag(j condition (p. G8) is fulfilled for the particular 
angle and wave-h^iigth (i.e. velocity) in question. This is exemplified 
in fig. 33, wliere the intensities of reflection at different angles are 
plotted in polar co-ordinates. Alternatively, the angles of incidence 
and reflection may be kept constant and the electron velocity varied. 
Fig. 34 shows an example of the successive maxima obtained in this 
ty 2 )e of experiment. 

In summary, we may say that the experiments on the reflection of 
(‘l(K5trons from crystal faces show that diffraction effects occur which 
are completely analogous to the effects for X-rays, provided that the 
refractive index of the crystal for X-rays is taken into account and 
that a wave-length is ascribed to the electrons in accordance with 
De Broglie’s relation. 

11. Variability of Electron Mass and Polarization of 
Electrons 

Determination of the Variation of the Mass of an Electron with 
Velocity. —Tlie De Broglie equation for the wave-length of electron 
waves involves the mass of the electron. This, however, varies with 
velocity, and the value of the mass used in the equation must be the 
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value for the particular velocity in question. Conversely, the mass can 
be determined from accurate wave-length measurements by inter¬ 
ference methods. By using electrons of different velocities it is thus 
possible to determine the variation of the mass. 
Determinations of this kind were carried out by 
Rupp, whose measurements extend up to velocities 
of 250,000 volts. The wave-length measurements 
were made by observing the diffraction rings ob¬ 
tained with a thin ])olycrystalline gold fo.l (see 
fig. 35), and using the ordinary X-ray formula. 
The lattice constant was determined by means of 
Tion 20.000 lou corresponding X-ray diffraction experiments. The 
electrons by goki results gavc a variation of electron mass with velocitv 

(natural size). . , *^1.1 i • 

in accordance with the equation 

[I->om Jahrbuch 
<ies Fot schu ns fi¬ 
rms dft A.E.U., \’ol, 

III (ic;33) (Sprin¬ 
ger, Berlin).] 

which has already been given on p. 228 above. From this may be 
deduced the following formula for the wave-lengths of electrons at 
the higher velocities: 

, /ltl)-55 10-« 

A== a/ —rr^-r- -. (‘ 01 ., 

\ c v l + 9-835 X 10-HJ 

where U is the volt velocity. The correction due to the factoi 
1/Vf + 9-83G X 10“'U amounts to about 5 per cent for a vitocity 
of 100,000 volts and to as much as 11 per cent for 250,000 volts. 

Accurate deUTminalions of the Avave-Ien.i?ths of slow electrons have been 
carried out by BiniL, who found tliat the variation v ith velocity is in good agree¬ 
ment with the De Broglie relation. This relation is accordingly capable of 
accounting for observed results for electron velocities ranging from 0-02 c up to 
<)-75 c, where c is the velocity of light (3 X 10*® cm./.see.). 

The equation of De Broglie may be written in the form 


h Xv 



Hence, since c/m^, is known very accurately (Vol. Ill, p. 321), it is possible to 
determine the value of hje very accurately from diffraction and velocity measure¬ 
ments. Rupp has carried out measurements of this kind and found that 
hje = 4-1366 x 10“® erg-sec. per coulomb dr ’kl per mille. The values obtained 
by other methods, using the equation hv = eU, are: (1) 4-1227 X 10“® from the 
ionization potential of mercury; (2) 4-115 x 10“® from the short-wave X-ray 
limit; and (3) 4-1088 X 10“® from the photoelectric effect in metals (p. 121). 

Polarization Phenomena with Electron Beams.— We have already 
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BO(?n (p. 209) that it is necessary to ascribe a spin to the electron. This 
indicates that the electron must possess a definite axis. Hence we 
may expect that the electron waves will show phenomena correspond¬ 
ing to the polarization of light. The electrons of 
a beam are oriented in two opposite directions by 
passage through a magnetic field (p. 207). Thus 
under these conditions we have two independent 
trains of electron waves. In the case of light two 
trains of waves cannot interfere when their planes 
of })olarization are at right angles. In the case 
of the electrons the angle between the two spin 
directions is 180'\ 

A simple method of producing }>olarized light 
is by r(‘fl(‘(‘tion at a mirror. Analogous investiga¬ 
tions have b(*en carried out by Dvmond and by 
Run* with electrons r(dlected at 90"" from a gold 
foil. In one set of experiments the diffraction 
(dhH‘ts were observed; iji another the distribution 
of intensity on r(‘fle(*tion from a second surfac^e 
was determined, as in the NoRiiENnERU polariza¬ 
tion a})paratus for ordinary light (Vol. IV, p. 227). 

(‘Xperimnits it was found that there are intensity diilerences in the 
difiraction ])atterns, depending on whether the electron beam had pre¬ 
viously been reflected at 90'' by the gold foil or not. This (tan be seen 





h 

37 -—Rotation of ihe symmetrical intensity distribution by means of a 
longitudinal magnetic field. (220,000 volts; / — 5 cm.) 

lErom Jahrbuch des Forschungsinstituts der A.E.G., Vol. HI (1033) (Springer, Berlin).] 

by comparing figs. 35 and 36. In fig. 35 an ordinary beam of electrons 
was used and the intensity of the rings is uniform. In fig. 36 a 
beam of previously-reflected electrons was used and the rings show 
a greater intensity on one side. The effect can be seen best for 
the outer rings, the maximum of intensity being marked in the figure 
by two dots close together. 

This effect must be connected with the axial properties of the 
electrons (i.c. with properties analogous to polarization), because the 
intensity distribution is turned through a definite angle when the 
electrons are made to pass through a longitudinal magnetic field. 



Fig. 36.—Asym¬ 
metrical intensity 
distribution in the 
diffraction of elec¬ 
trons (250,000 
volts) by gold foil, 
arising from elec¬ 
tron polarization. 

[From Jahrbuch 
des Forschungsin~ 
stituts der A.E.G., 

Vol. Ill (1933) 
(Springer, Berlin).] 

Ill the first set of 
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It should be mentioned, however, that careful experiments by 
6 . P. Thompson, and by Dymond, showed at most only a small, fraction 
of the polarization to be expected from the theory. 

Electron Microscope. —The path of an electron beam through an 
electric or magnetic field is closely analogous to that of a light beam 
through a lens. By suitable adjustment of potentials it is possible to 
bring the beam to a focus and to form images. On account of the 
smallness of A (p. 254), electron microscopes now in use have a re¬ 
solving power 50 to 100 times that of an ordinary microscope. 

E. The Wave Properties of Material Particles 

12. Diffraction of Atomic Rays by Crystal Lattices 

The De Broglie relation is applicable to any mass. In particular, 
it may be applied to light. Even in the case of atoms (and perhaps 

also assemblages of atoms) it ap¬ 
pears from experimental results 
that certain phenomena are gov¬ 
erned by the wave-length ascrib- 
able to the total mass. Again, as 
with electrons, the wave nature of 
matter is apparent in diffraction 
effects. Ellet and Olson observed 
such effects in 1928 in studying 
the reflection of beams of cadmium 
and mercury atoms from rock salt. 
They were able to show that the 
reflected atomic rays were always 
uniform for one direction, but that 
the magnitude of the velocity (and 
hence the wave-length ascribable 
to the rays) depended upon the 
angle of reflection. This result is 
quite analogous to that for X-rays, 
w’here out of an incident beam 
containing a continuous range of 
wave-lengths only that wave-length is reflected which satisfies the 
Bragg relation for the particular angle of reflection in question. 

The experiments of Estermann and Stern (1930) are more con¬ 
vincing. In the reflection of atomic rays at crystal faces they obtained 
(in addition to the regularly-reflected beam) maxima of intensity 
corresponding to the orders of diffraction (see fig. 38). 

Clear proof of the wave nature of protons is provided by the 
experiments of Rupp (1932), in which protons accelerated by a poten¬ 
tial of 200,000 volts were shot through gold foils. Diffraction rings 



Fig. 38.—Presumed difTraction effects 
in the reflection of helium atoms by lithium 
fluoride. Angle of incidence i 8 . 4 " (after 
Estermann and Stem). 
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were obtained, just as in the experiments with electrons referred to on 
p. 252. 

In the case of protons thoDs Broglie relation is X==A/(M?;)=(28 ()/VU)x 
cm., U being measured in volts. The diffraction rings satisfy the X-ray type of 
fornnila, namely, nX = 2d sin J 9 . On account of the smallness of X, 9 is also very 
small, and hence tlie photographic plate must bo placed at a large distance (3-5 
metres) from the foil. The beam of protons is produced in a special part of the 
apparatus, a potential of 2000 volts being used. The canal- 
ray particles and H 2 + passing through the perforated 
cathode are then accelerated in another part of the apparatus 
by the potential of 200,000 volts, after which they pass 
through a narrow passage 20 cm. long w’hich has apertures 
about 5 mm. long and 0-1 or O’OG mm. in diameter at £‘ithcr 
(*nd. Fin.'illy the proton beam is incident upon the gold foil 
and them up(jn the photographic plate. Fig. 39 shows a pattern 
of diffraction rings obtained in this way. The actual record 
has been intensified in reproduction so as to make the rings 
clearer. The figure is twice the original size. The wave¬ 
length (calculated from the diffraction pattern is found to 
agr(?e within one or two per cent with that calculated from 
the Dk Broglie relation (X:^ 6*40 X 10"^^ cm.). 

Diffraction rings belonging to the H 2 + particles present in the beam were not 
observed. 



Fig. 3Q. — Diffrac¬ 
tion of protons (about 
200,000 volts) by 
gold foil (after Rupp; 
about twice original 
size). 

(VTom ZiiUchrift fiir 
Physik,Vol.hXKWm 
(1032) (Springer, Ber¬ 
lin).] 


F. The Wave-mechanical Model of the Atom 

13. The Schrodinger Equation 

The recognition of the wave nature of the electron has led to the 
c(‘nstruction of a new atomic model, the foundations of which were 
laid by Schkodinoer in 1925. 

Wave Representation of an Orbital Electron. —The following simple 
argument will show that the wave theory of the electron is capable 
of forming a suitable basis for an atomic model. 

The equation for the displacement S in a sinusoidal wave of am¬ 
plitude A progressing in the direction of increase of the distance 
co-ordinate s has been given at the bottom of p. 220 of Vol. II; it is 

-D] 

Some of the symbols have been altered in writing the equation here, 
and the frequency v has been introduced instead of the reciprocal of 
the periodic time T. The wave-length as usual is denoted by A. 

We shall now apply this wave equation to the case of an electron 
which, according to the Bohr model, is circulating in an orbit about 
the nucleus of an atom. Let us consider a circular orbit for simplicity, 
assuming it to be so small that the wave-train associated with the 
electron extends at least right round the circumference. Thus the 

(E 957 ) 18 


S — A sin 


in 277(^1 
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distance s in the wave equation is the length of arc measured round 


the circular orbit. The angle 




occurring in the equation is 


called the phase angle <j). At a given moment (t — constant) the 
difference of phase d<f} between two points a distance ds apart 
is clearly 

ds 


d<l>== 


y 


The phase difference between two points 1 and 2 at a finite distance 
apart on tlie orbit is therefore 


^2 — ^1 = 



Imagine the point 1 as remaining fixed, while the point 2 is moved 
farther and farther from it round the orbit. Eventually 2 will have 
been moved right round the circle and will reach the point 1 again. 
The phase difference introduced by this complete circuit of the orbit is 


the circle through the integral sign indicating that the integration 
extends once round the orbit. Now if the state is to be stationary, the 
quantity S, as also its time derivative, must have a single definite value 
at each point. Hence when the point 2 becomes coincident with the 
point 1 , we must have 

sin ^2 = sin<^j, 


and 


cos ^2 ™ cos 01 , 


i.e. 02 ^1 D^ust be an integral multiple of 27 t. 

in the form 


277 

T 


^ds ~ 27rn, 


i.e. 



nA. 


This may be written 


Thus only those circular orbits are permitted for which the circum¬ 
ference is a whole number of wave-lengths. 

The momentum G associated with the waves is given by the 
equation 
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Combining this with the above relation and substituting j>ds = 27 Tr, 
where r is the radius of the orbit, we obtain 

27rrG = nh. 

Now rG is the angular momentum J. Hence we have finally 

T nh 


In words: Only those circular orbits are 'permitted for which the angxdar 
xno)Hentum is art integral midtiplc of A/(27 t). 

But this is just the quantum condition postulfited in connexion 
with the Bohr atomic model. It is here seen to follow simply from 
the concept of electron waves. 


'i'nvit merit of the prohlem in the above simple fashion can only servo to give 
a first insight into the kind of relationships involved. Actually the wave system is 
threi'-dimensional, and further analysis is ne(;essary in order tc) prove that the 
more general tluMiry is in accord with observation. However, even the foregoing 
simfile argument indicates that the wave theory is a most promising line to follow 
up and that important results may be confidently expected from the method 
which treats the discrete stationary states of an atom in much the same way as 
the discrete modes of vibration of a stretched string subject to given boundary 
conditions. 


The underlying idea of the wave-mechanical treatment of the atom 
is to regard the dillerent stationary states as different proper modes 
of vibration (in general very complicated) of a certain quantity whose 
nature we regard for the time being as unknown. The wave-length 
involved is determined by the De Broglie relation. Just as a mecha¬ 
nical system subjected to boundary conditions (e.g. a string fixed at 
its ends, or a membrane fixed at its edge) can only assume certain 
discrete modes of vibration, so the atomic system is regarded as sub¬ 
ject to certain boundary conditions and therefore capable of assuming 
only certain discrete modes of vibration, i.e. the stationary states. 
The problem, so far as its mathematical discussion is concerned, is 
to describe the vibrations by means of equations of the kind used in 
the classical case in which a continuous medium is assumed. In this 
connexion it is important to realize clearly that the medium mathe¬ 
matically introduced in this way into the theoretical discussion of the 
atom need not have any real existence. It is essentially a mathematical 
concept, just as the motions in phase space discussed on p. 188 are not 
real motions, but only mathematical concepts associated with real 
motions. We shall see, however, that in certain cases it is in fact 
possible to ascribe a physical meaning to the quantity involved in the 
wave motion. 
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Wave Equation.—For any train of waves we have Xv = w, where u is the 
velocity of propagation. Substituting in the wave equation 


S ~ A sin 1^2:1 


given on p. 257, we obtain the slightly different form 




This equation refers to the particular case in which the wave form is sinu¬ 
soidal. In general a quantity S whose form is propagated with velocity u in 
the A’-dircction may be any function (say the function F) of the variable 
(t — s/u). Thus the general wave equation, of which that given above is a 
particular case, is 




It is not difficult to see the meaning of this equation. Let us fix our attention on 
the point defined by one particular value of a. The value of S at this point at the 
time -f 1) is 


S(«+ 


= 8 (/, 8 — u). 

Thus we see that the value of S at any point and at any instant is the sanu' as it 
was one second earlier at a point a distance n farther back. In other words, the 
form of S is propagated in the 5-direction with the velocity u. 

By differentiating the equation 




tw ice wdth respect to t, we obtain 


w’here F" represents the second differential coefficient of F with regard to (t — - V 
Similarly, by differentiating twice with regard to a, we obtain ' 


The last two equations can be combined to give 


This is the differential equation of wave motion. It applies to the one-dimensional 
case in which the waves are propagated in the 5-direction only. In the three- 
dimensional case, in which the waves spread out through space, we have to take 
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the a?-, y-, and 2 -directiuns into account. The form of the differential equation 
obtained is similar to that for the one-dimensional case, namely 


dl^ ^ dy^ dz^) 


This is often written 


dl^ 


w^AS, 


where AS is an abbreviation for ^ ‘ 4- + 

dx^ cY 

The Schrodinger Wave Equation. —In the wave theory of the atom 
a stationary state is regarded as a mode of vibration under certain 
boundary conditions. We shall consider the case of a single particle, 
e.g. an electron. If we assume that the displacement S at any point 
is a sine function of the time we may write 

S = ifj sin 277 


where v is the frequency and ip the amplitude at the point in question. 
The value of the amplitude deixaids upon the particular point chosen, 
i.e. i/r is a function of the space co-ordinates. By differentiation we 
obtain 

V, , — - 4:7r^V^iJj mi^TTVt, 


In the same way 


c'2S 


— sin27rcf 


dx^‘ 


02g 02g 

Exactly similar expressions hold for ^ and ^ 


If we substitute 

these exi)ressions in the differential wave equation given above, namely 

02S 


dt^ 




we obtain 


. , 477^1^ , 

A^+ = 


Now De Broglie’s relation states that 


9/. 7/ 



Substituting this in the last equation, we have 






^ = 0. 
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Finally we may put 

where W is the total energy and Ej^in. and Epot. arc the kinetic and 
potential energies respectively. This gives finally 

A4, + (W - = 0. 

This, the so-called Schrodinger w’ave equation, forms the founda¬ 
tion of the wave-mechanical treatment of the problem of a moving 
particle. 

The equation represents a vibration in three-dimensional space—in the 
mechanical case the propagation of elastic waves of a certain frequency in a non- 
imiform medium whose density at any point is proportional to ST:'hn{W — 

This density is greatest for negative values of i.e. (returning to the atomic 
model) at those regions towards which the electron is attracted. The optical 
analogue is the propagation of a rav in a medium of variable refractive index 
(cf. Vol. IV, p. 107). 

In the case of i particles the wave equation assumes the form 

(W-Ep„J.{. = 0. 

/ rn ^ nr 

This no longer represents a vibration in ordinary three-dimensional 8pac<'. but 
in Si-diraensional space. No doubt it should be possible to r(‘present such vibra¬ 
tions by a three-dimensional picture, i.e. to find, even in the most eomplicatt'd 
cases, a three-dimensional model, the mathematical description of which is the 
wave equation and its solutions. So far no attempt has been made to do this, 
so that for the time being a direct spatial interpretation can be given only when 
there is a single moving particle (e.g. in the case of a fixed nucleus and one electron). 

The equations given above have the following remarkable property. 
If certain definite boundary conditions are proscribed (in the acoustic 
case, for example, the definite boundaries of a stretched string or of a 
plate, the positions of clamping, &c.) a physically significant solution 
is only obtainable when the parameter (the energy in the above formu¬ 
lation) has certain definite values. By a physically significant solution 
we mean one which is everywhere single-valued, finite, and continuous. 
In the acoustic case this property of the equation finds expression in 
the fact that the system can only perform certain so-called proper 
vibrations. The special values of the parameter for which a physically 
significant solution is possible are called the proper values (Ger. 
Eigenwerte) of the differential equation, and the corresponding solu¬ 
tions are called proper functions (Ger. Eigenfunldionen)^^ 

The property of the differential equations just referred to may be illustrated 

* The original German terms are frequently used in English, as well as the hybrids 
eigen-value and eigen-function. The terms characteristic value and characteristic function 
are also sometimes found. 
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by two examples which have an important bearing on the applications which 
follow. The equation 


d^y 

dx^ 


4- (A — x^)y = 0 


has a solution of the form y = w'hen A takes the value unity, 

be seen by differentiating twice. We have 


dy 

dx 




,dy 

dx 


= —xy\ -x 7 — 2 / == y(x^ - 1), 


dhj 

dx^ 


+ (1 — x‘^)y = 0 . 


This can 


A further solution is y == when A == 3. This again can easily be verified 

by differentiating twice. I'he general form of the solutions is 

y - 


where H can have the following values: 

Hj = 1 when A = 1 ; = 2x when A 3; == — 2 when A = 5; 

H 4 — — 12j; when A ~ 7; Hg — 16a4 •— 4^^ -j- 12 when A — 9, 

and so on. 


Those values of H are the so-called Hermitian polynomials. They can be obtained 
from a simj)le expansion in series whicdi cannot be discussed here. Thus the proper 
values of the problem are the odd numbers 2a -f 1 find the characteristic func¬ 
tions are the corresponding values of y. It can be shown that these characteristic 
functions are the only soluiions of tlie differential equation in question which 
rcMiiain finite \\ hen x becomes infinitely great. 

We shall now proceed to consider some special physical eases: 

1. Particle, moving under the action of No Forces .—Here w(^ have Epot. = 0 
and W Kkin. = where m is the mass of the particle and v its velocity. 

Henca' the wave equation becomes 




4kVv^ 


0. 


The factor is a constant, so that we may write the equation in the form 

4- ~ 0. 

This equation can be solved for all values of c. The kinetic energy (4 a particle 
moving under the action of no forces can therefore assume any value. 

2. Linear Harmonic Oscillator (cf. p. 187).—In this case, if the displacement 
is given by a; — A sin (27 tv 0» differentiation gives 

= 27rvA cos(27uv0 


d’^x 

di^ 


— 47r2v®A sin(27rv0 ~ 


The restoring force acting at the displacement x is therefore 

dt^ 
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The potential energy is given by 


Lpot. 





Substituting this in the wave equation, we obtain 

2TZ“^hnx^)^ — 0 . 






We may transform this by introducing the new variable 5 defined by 5 = xVb^ 
where b is the constant 4:nhmlh. If we make use of the fact that 


and write SizhriWjh^ — a, the equation 


assumes ine lorm 




We see that this is of the same type as the first example referred to above. The 
proper values arc therefore 


a 

h 


— 2n + 1, 


where n is an integer. Inserting the values of a and 6, we have 

W=(2»+ 1)'^'' 
or 

W =■ (w 4- i)Av, 

Thus wo obtain the same result as we did by the quantum theory (p. 188), 
but with the further refinement that the zero-point energy term J/tv is simul¬ 
taneously determined. The quantization of the energy of the harmonic oscillator 
is here seen to follow directly from the concept of the particle as a wave, the 
argument being based on the idea of a continuous medium and not requiring 
the introduction of any such discontinuity postulates as are made in the quantum 
theory of p. 187. 

3. Rotator .—We shall now consider the spatial problem of a, particle moving 
on a spherical surface at the constant distance r from a fixed centre. As the 
centre is fixed, no wave need be ascribed to it, and it may be left out of considera¬ 
tion. 

Since Ekin, and Epot. are both constant, the wave equation may be written 
in the form 


where, if we take to be independent of r, A<{; contains only differential coefficients 
with regard to angular co-ordinates. It is shovn in the elementary theory of 
the functions called spherical harmonics that the solution of this equation is only 
possible for the proper values 




Ekin. — 4" l)f 
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wliere n is an integer. Since m and r are constant, the kinetic energy must there¬ 
fore be n(n -f 1) X constant. Introducing the value E = we have 




n(n 4- 1). 


Now mvr is the angular momentum p. Hence 


or 




= n(n + 1) 


?=*-■'/ n{n + 1). 
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Thus in this case we arrive at a result slightly different from that obtained by the 
quantum theory (p. 190). Instead of n we now get V niri +1). As will be shown 
later, the wave-meehanical result is the one which is in accord with experimental 
observations (see p. 312). 

Fig. 40 shows the proper functions for the first five proper values in the case 
of the linear oscillator. The ordinates arc the amplitudes of the stationary waves 



Fig. 40.— Proper functions corresponding to the first five proper values 
for the linear harmonic oscillator 


(Vol. II. p. 234) associated with the moving mass in the different permitted 
energy states. The abscissa? are proportional To distances from the mean position. 
All the curves approach the horizontal axis asymptotically to the right and to 
the left. Similar curves w'ould be obtained for the vibrations of a stretidied string 
for wdiich the law of propagation of w’^aves differs for different frequencies. The 
same figure would also be obtained for a string if the wave velocity u were the 
following function of a;: w = W/^^ 2w(W — wdicre W may assume the 

proper values of the equation. Thus the different permitted stationary states 
of the oscillator can be identified with the fundamental modes of vibration of a 
series of stretched strings with the properties just referred to, each proper value 
corresponding to a string of appropriate character. 

14. Wave-mechanical Model of the Hydrogen Atom 

Like the Bohr model, the wave-mechanical model represents a 
massive positive nucleus and an electron in its neighbourhood. The 
potential energy, reckoned relative to the state when the electron is 
removed to a great distance from the nucleus, is given by the Coulomb 
law, namely, Epot. == where r is the distance between the 
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electron and the nucleus. The wave equation therefore becomes 

A*+?-^''(w + ?y=0. 

This is completely analogous to the equation for a vibrating liquid 
sphere in which the velocity of wave propagation at any point is given by 

2 

^ = —7-A* 

2m/W + M 

The value of u is always real for all positive values of W. In the absence 
of boundary conditions W can assume any positive value. The state 
of affairs is quite different, however, for negative values of W. 
ScHRODiNGER showed that even without special boundary conditions 
and with merely the condition that must everywhere r(*main finite, 
single-valued, and continuous, physically significant solutions are only 
possible (for negative values of W) when W has the discrete proper 
values 

where n = 1, 2, 3, 4, . . . . These discrete values (W being the total 
energy) are seen to agree exactly with the energies of the stationary 
states of the hydrogen atom as deduced by the Bohr theory (p. 191). 
The zero for the measurement of energy is herf^ the energy of the atom 
when the electron has been removed to an infinite distance' from the 
nucleus (i.e. the energy in the completely ionizc'd state). This accounts 
for the negative sign of Ep^t- above, since the electron is attracted 
tow^ards the nucleus. The continuous range of permitted positive 
energy values corresponds to the hyperbolic and parabolic electron 
orbits of the Bohr model: they give rise to the continuous spectrum 
which is observed beyond the series limit in emission or absorption. 

It should be specially noted that Schrodtnger obtained satisfactory af)lutions 
without specifying any particular boundary conditions—merely by making the 
physically necessary assumption that the amplitude of vibration ^ must every¬ 
where remain finite, single-valued, and continuous. We shall see on p. 208 that 
the region of appreciable amplitude is thereby restricted to a volume corre¬ 
sponding to the volume of the atom as deduced frcjm the kinetic theory of gases. 

There is still a certain indefiniteness about the above solution, in 
that a whole set of modes of vibration is possible for each energy value. 
It can be shown that the wave equation, when expressed in polar 
co-ordinates (r, 0, <f>), is separable into two equations, one of which con¬ 
tains the angular co-ordinates 0 and <!> only, while the other contains r 
only. It follows from the method that W does not occur at all in the 
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first of these equations. This first equation can itself be solved only 
for certain proper values Z, and it follows that each permitted value of 
the energy W may be associated with a number of proper values for 
the equation containing the angles only. Thus the value of W involving 
a particular integer n (see above) still leaves unsettled the choice of 
another integer Z, derived from the proper values of the partial equation 
containing the angular co-ordinates only. The complete mathemati¬ 
cal analysis shows that w — n' + Z + ], where n' is a positive integer 
or zero, which comes in as a proper value for the equation containing 
r only. Hence I may have any in¬ 
tegral value up to (n — 1) (including 
zero), but no others. 

When ijj vanishes for a certain 
value of r, we have a nodal sphere. 

When ifj vanishes for a certain 
\’alue of the angle of longitude 
we have a nodal plane through the 
origin of the co-ordinate system 
(see fig. 41) and cutting the surface 
of any sphere r ~ constant in a 
meridian circle. Finally, when 0 
vanishes for a certain value of the 
angle of colatitude 6, we have a Fig. 41.—spherical polar co-ordinates 

nodal cone with its apex at the 

origin of co-ordinates. Only in the absence of nodal planes and nodal 
cones does the mode of vibration possess spherical symmetry. 

The integer I referred to above determines the number of nodal 
surfaces (planes and cones) depending on the angular co-ordinates. 
Hence for each permitted value of the energy W only certain classes 
of vibrational modes are possible, the actual modes becoming more 
complicated the greater the value of the integer 71 (cf. the similar 
behaviour in the case of the linear oscillator illustrated in fig. 40, 
p. 205). When n = 1, the only value which Z can assume is zero; hence 
there is only one kind of vibrational mode. As it possesses no nodal 
planes or cones, this mode is spherically symmetrical. When 7i ~ 2, 
we may have either Z = 0 or Z — 1. Hence for an energy value 
determined by the integer n (principal quantum number) there are 
n possible vibrational classes. 

Comparison with the discussion based on the Bohr model (see 
p. 199) shows that both the wave-mechanical and the orbital theories 
lead to the same degeneracy. In order to stress the analogy, the number 
Z was introduced on p. 199 with the property that it may assume any 
integi-al value from 0 up to w — 1. The different proper modes of 
vibration of the ‘‘ liquid sphere ” in the wave-mechanical model 
correspond to the different elliptical orbits in the Bohr model. 
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Stark Effect. —The degeneracy of the problem can be diminished by the appli¬ 
cation of an external field. The Stark effect has been discussed in this connexion 
on p. 212 in terms of the Bohr theory. The potential energy of the electron is 
increased by an amount eEz by the application of an electric field of strength E 
in the ^-direction. The wave equation therefore becomes 

A4, + (w + J = 0. 


If we assume that the energy change due to the field is small relative to the 
changes which may occur in the atom in the absence of a field, then the extra 
energy term appearing in the wave equation may be treated as a so-called per¬ 
turbation term. In these circumstances it can be shown that the equation is 
solvable and that each of the proper values of the unperturbed case is split up 
into a number of proper values of the perturbed case. The same formula is 
obtained as from the Bohr theory, namely 


AW- 


3h^Kn 

STz^me 


(ki I’.j), 


where AW is the displacement of an energy level. In the wave-mechanical model 
Jci and ki, give the number of nodal surfaces (in this case paraboloids) in the vibrat¬ 
ing ** liquid In addition there are « possible nodal planes. The numbers 
Jc 2 . and s may each assume any integral value or the value zero, provided that the 
equation 4- 4- 5 + 1 = w is satisfied. This is quite analogous to the result 

given on p. 213. 

The Possible Modes of Vibration. —As was pointed out above, to 
-each permitted energy value W determined by the integer n there are 
n classes of vibration. From the number of modes of vibration in each 
class it follows that the total number of modes for each energy value 
is ^n(n +1). Referring to the result given above for the Stark effect, 
we see that an electric field does not completely remove the degeneracy. 

We shall now briefly discuss the question of the distribution of the 
amplitude ijj in the individual cases. 

n~l; 1=0: the proper function has no nodal surfaces. The 
value of ifj decreases exponentially as the distance from the centre 
increases, i.e. 

. . 

where a.. = -r-o —b? which is the radius of the first Bohr circular orbit. 
i'TTvne'^ 

According to the wave-mechanical model, the atom possesses perfect 
spherical symmetry in its lowest energy state. This result is of great 
significance; for we have seen (p. 210) that one of the most serious 
shortcomings of the Bohr atomic model is that it cannot account for 
the spherical symmetry of hydrogen in the ground state. 

n = 2; 1 =0: the vibration has one nodal sphere and has complete 
spherical symmetry. 

n = 2; 1 =1: system of vibrations having nodal planes and nodal 
cones, but no nodal sphere. The value of ip decreases exponentially 
as r increases. 
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n = 3; ? = 0: the vibration is spherically symmetrical and has 
two nodal spheres. 

3; 1 =1: system of vibrations with one nodal sphere and 
nodal planes and cones. 

n =3; Z = 2: vibrations with no nodal sphere and with a com¬ 
plicated arrangement of nodal planes and cones. 

In general we may say that only 
those vibrations for which Z = 0 
(these occur in only one mode) possess 
s])herical symmetry. This brings out 
very clearly the difference between 
the wave-m(‘chani(;al model and the 
Bohr model; for in the latter Z — 0 
means the ellipse of maximum eccen¬ 
tricity and hencje the greatest depar¬ 
ture from circular or spherical sym¬ 
metry. We shall see below, however, 
that something (‘orres})onding to the 
extreme eccentricity of these Bohr 
elli})ses is still associated with the 
spherically-symmetrical vibrations of 
the wave-mechanical model. 

Fig. 42 gives graphical re])resenta- 
tions of the mean value of tfj as a 
function of the radius r in certain 
cases. In these graphs, since only 
mean values of if are plotted, the 
nodal y)lanes and cones do not appear. 

See also fig. 43. 

Physical Interpretation of the Quantity ij>. —So far nothing has 
been said about the physical meaning of the vibrating quantity S or 
its amplitude of vibration 0. Schrodinger has shown that a simple 
interpretation is possible if we relate if to the charge density. In 
simple cases the square of the amplitude if at any point can be regarded 
as a measure of the electrical charge density at that point. (In more 
complicated cases, in which if is complex—i.e. has an imaginary part 
and is of the form a + ib, where i ~ ^—1 —the charge density at any 
point is measured by the product of if and its conjugate complex 
quantity 0*, i.e. by {a -f- ib)(a — ib) = a^ b^ instead of by if^.) 
From the wave equation it is possible to deduce an equation analogous 
to the equation of continuity met with in hydrodynamics. If we 
interpret this as referring to the conservation of electric charge (a 
principle of conservation always assumed in the theory of electricity), 
the above physical meaning for if^ (or, more generally, for 0^*) follows. 

The sort of result to which this interpretation leads may be illus- 



Fip. 42.—Mean values of as 
a function of the distance from 
the nucleus for the h\droKcn atom 
with « — 3. 
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trated in the simple example of the linear oscillator. As was shown on 
p. 265, the wave-mechanical model of the permitted states of the 
system can be represented in terms of the proper vibrations of a string 
with special properties. In any such proper vibration the amplitude 
at any given point (i.c. for any given value of x) is constant and does 
not change with time. If now we interpret the square of the amplitude 
as measuring the electric charge density, it follows that the charge 
density at any point must also be independent of the time. This means 



Fig. 43.—Charge distributions for diflerent states of the 
hydrogen atom. The ordinates give the values of 
D —The unit of distance r from the nucleus is 
«o=o*53 X io~* cm. 

that for any stationary state of the oscillator, no matter how great the 
proper energy value, the charge distribution must be static and must 
not vary with time. There being no movement of electric charge, 
there can be no radiation of electromagnetic energy from an oscillator in a 
'permitted energy state. Thus we arrive quite naturally at a result which 
in Bohr’s theory has to be assumed in the form of a postulate at 
variance with classical electrodynamics. 

The charge distribution in the various permitted states, e.g. of the 
hydrogen atom, can be calculated on the above lines. Some results 
(after Pauling) are shown in fig. 43. In these curves the ordinates 
are the mean charge densities for thin spherical shells of radius r. 
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Hence in this representation (as in the preceding figure) the nodal 
spheres appear, b\it not the nodal planes and cones. The unit of 
abscissa) is Uq, the radius of the first Bohr circular orbit. The charge 
of the electron is spread out over the space surrounding the nucleus 



a 


m 


b 





Fig. 44.—Charge distributions for one- 
elortron systems. Charge density propor¬ 
tional to brightness. 

(a) i*S; (6) 2*S; (c) 3*S 
(after Langer and Walker). 

Scale of brightness a : b : c ~ i : 50 : 500. 

Linear scale - - a : b : c — lo : s : i. 

(From Ruark and Urey, Atoms, Molecules 
and Quanta (McGraw-Hill Rook Co., New 
York).] 


(d) sFim = o); (e) 5D (m = o) (after White). Linear scale - i : 20 relative to (c). 
[From Physical Rexdeto, Vol. XXXVII, Series ii (American Institute of Physics).] 


and theoretically extends to infinity. Actually we sec, however, that 
the greatest part of the charge is concentrated within a region whose 
radius is approximately that derived from the Bohr theory and found 
experimentally in gas-kinetic and cross-section investigations. The 
Bohr circular orbits correspond to vibrations for which ? = n — 1, 
in agreement with p. 199. The elliptical orbits correspond to charge 
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distributions with various maxima at difEerent distances. Attention 
may again be directed to the fact that, in spite of their complicated 
charge distributions, the wave-mechanical vibrations corresponding to 
Bohr ellipses of high eccentricity possess complete spherical symmetry. 
The property of eccentricity in the ellipse finds its analogue in the 
complexity of the radial distribution of charge in the wave-mechanical 
model. 

Eig. 44 gives some pictorial representations of the charge distri¬ 
butions in different cases, the charge density being indicated by the 
brightness of the lighter parts. These pictures must be imagined as 
extending in three dimensions. 

For another interpretation of ifs see p. 274. 

15. The Wave-mechanical Theory of the Emission of Light 

ScHRODiNGER showcd that a simple explanation of the process of 
light emission can be obtained by assuming that two permitted energy 
states of an atom can be excited simultaneously. The two correspond¬ 
ing vibrations of the wave-mechanical model are then supposed to be 
superimposed. Now we have seen in Vol. II (p. 195) that the super¬ 
position of two vibrations of somewhat different frt^quency gives rise 
to so-called beMtSy in which the amplitude waxes and wanes with a 
frequency which is equal to the difference between the superimposed 
frequencies. 

If we once again interpret the square of the amplitude of vibration 
in the wave-mechanical model as a measure of the electric charge 
density, we see that w^hen tw^o different energy states are simultaneously 
excited the charge density at any given point is no longer constant, 
but varies periodically with the time. Hence there is an oscillation of 
electric charge, w^hich must give rise to the emission of electromagnetic 
waves. The frequency of these emitted waves will be the beat fre¬ 
quency. If we wTite for the frequency of the light which is emitted 
and and 1^2 for the frequencies of the twro superimposed vibrations 
of the model, we have 

Now according to the De Broglie relation the energy E of a stationary 
state is given by E == hv, where v is the corresponding frequency of the 
wave-mechanical model. Hence we have 

= J?i - iS'z- 

Thus we arrive at the very result which Bohr found it necessary to 
introduce into his theory as a postulate. 

In the case where a special axial direction is involved (e.g. in the 
Stark effect of the hydrogen atom the field direction is a special direc¬ 
tion) the complete mathematical treatment shows in addition that the 
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oscillation of electric charge may be either normal or parallel to the 
field, according to the nature of the wave-mechanical vibrations which 
are superimposed. This is the case when the respective values of the 
number 5 (see p. 268) for the two vibrations differ by 0 or 1. If the 
difference in the s-values is greater than 1, the calculation shows that 
there is no motion of electric charge. This is in agreement with the 
experimental observations on the Stark effect (cf. p. 211). 

It may be noted also that, if account is taken of the motion of the 
nucleus as well as of the motion of the electron, the theory leads to a 
result which is in agreement with that obtained from the simpler Bohb 
model with a fixed nucleus, except that the mass m of the electron 
has to be rc^placed by the quantity 

_ mM 

^ “ M+ ' 


where M is the nuclear mass. Once again (see p. 193) the conclusion 
from wave-mechanical theory is in excellent agreement with the facts. 

The Helium Atom. —The treatment of the helium atom (a nucleus 
with two electrons) by the Bohr theory does not lead to a satisfactory 
result. The calculated energy of the ground state (relative to the energy 
of the ioni;5ed atom) comes out very different from the observed value. 
This failure of the Bohr theory was one of the chief reasons (cf. also 
pp. 210 and 274) for seeking a new atomic model. 

The SenRoDINGER wave equation for the problem is at once 
obtained by substituting 


2e^ 2e?‘ e 


w lie re and are the distances of the two electrons from the nucleus 
(which is assumed fixed) and distance between the two elec¬ 

trons. The term +e‘^/ri 2 expresses the interaction between the two 
electrons, which will be discus.sed more fully later. The wave equation 
can only be solved approximately. If for the time being we neglect the 
interaction term, the proper energy value is found to be 



where and ng are positive integers associated with the respective 
proper values for the two electrons, which in this case can be obtained 
separately. This corresponds to one electron being in the n^th Bohr 
orbit and the other in the ngth. The energy of the ground state 
(nj = ng = 1), as obtained from this solution, is —8R, i.e. —106 volts. 
The experimentally-observed value, however, is only —78*5 volts. 
Thus we see that we are not justified in neglecting the interaction 
term, which actually has a surprisingly large effect. 

(B957) 
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Wave-mechanical Resonance.—The marked effect of the interaction 
between the two electrons is an example of a resonance effect which 
is quite peculiar to wave mechanics and is due to the identity of all 
electrons. In Vol. II (p. 201) the vibrations of two pendulums coupled 
together were discussed at some length, and it was there shown that 
the periodic alternations of the amplitudes (due to the passage of 
energy backwards and forwards between the two systems) can be 
explained in terms of two frequencies. The mathematical treatment of 
the problem of an atomic system containing components of identical 
frequency (e.g. two electrons) shows that just the same sort of thing 
occurs here. We obtain new frequencies (in our case two) and a corre¬ 
sponding number of new energy states. Two possibilities are actually 
observed in the case of the helium atom for each combination of proper 
values—the states of the so-called orthohelium and parhelium. In 
the ground state, however, where = Wg — 1, there is only one finite 
solution—a point to which vre shall return later. 

Thus the w^ave-mechanical theory of the electron and of matter 
gives the result that whenever two identical wave-mechanical systems 
interact, there are two possible proper functions and two different energy 
values for the pair considered as a whole system. 

In this connexion it must not be forgotten that both systems 
extend to infinity in all directions, so that a coupling (though only a 
loose one) acts between systems at a great distance apart. As in the 
meclianical case of two coupled pendulums, when the coupling is loose 
the periodic energy exchange is slow, i.e. the beat frequency (and 
consequently the energy difference involved) is small. For an appli¬ 
cation of this sec p. 388. 

Statistical Interpretation of the Amplitude —The theory of the 
emission of light briefly outlined above is very satisfactory from many 
points of view. As has been pointed out, the emission of light with 
frequency Vj^ is regarded as due to an oscillation of electric charge 
within the atom with this frequency. This view thus avoids all the 
difficulties presented by the Bohr theory and re-establishes connexion 
with classical electrodjuamics. Yet there is a certain difficulty in 
supposing that the atom simultaneously performs two different vibra¬ 
tions corresponding to two different energy states. This difficulty is 
not a mathematical one, for the wave equation is still satisfied when 
the two vibrations co-exist. The physical objection to the theory can 
also be removed by taking accoimt of the fact that the atom, when in 
the process of emitting radiation, is not in equilibrium, but is inter¬ 
acting with the emitted electromagnetic waves. Dirac has shown 
that when this interaction is duly incorporated into the theory a satis¬ 
factory account of the process becomes possible. 

From the historical point of view it is very interesting to note that 
a few months before the publication of Schrodinger’s wave-mechanical 
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model another theory, starting from quite different foundations, had 
been put forward by Heisenberg. This theory is built up on the 
principle that the equations describing an atom shall contain only 
observable quantities, such as the wave-lengths or frequencies of the 
spectral lines, their intensities and states of polarization, and the 
energy levels of the atom determinable by electrical methods. The 
method employed by Heisenberg in applying this principle is to 
replace the noii-observable periodically variable co-ordinates of the 
electron in the atom by the totality of partial vibrations whose fre¬ 
quencies are equal to the frequencies of the spectral lines emitted by 
the atom. The spectral lines of the hydrogen atom, for instance, may 
be represented by means of a doubly infinite array of paired quantum 
numbers. The behaviour of the atom can be described in terms of 
such double arrays or two-dimensional schemes, the members of the 
array each being characterized by two indices. An array of this kind 
is known as a matrix. The mathematical handling of matrices necessi¬ 
tates a special matrix calculus, which had been developed many years 
previously. The details of the method cannot be discussed here. 
Suffice it to say that the results obtained are in complete agreement 
with those of wave-mechanics. Indeed, Schrodinger has been able 
to show that the two methods are mathematically equivalent, and 
that they differ only in the nature of the calculus used. 

The above-mentioned difficulties presented by the Schrodinger 
theory, and especially the smearing out of the ele.fM'on into a sort of 
“ cloud have led a number of investigators, notably Born, to put 
forward another interpretation of the quantity According to this 
view, (or more generally i/fi/r*) does not measure the charge density 
at any point, but the 'probability that an electron will be encountered 
at that point at any given moment, lu Schrodinger^s interpretation 
the electron docs not exist as a point charge in the atom, but is dis¬ 
tributed over the whole of space and extends to infinity; but in the 
statistical interpretation, as it is called, the idea of the electron as a 
point charge is still maintained. In the statistical interpretation, 
however, we lose that readily visualized explanation of the quantum 
conditions which so satisfactorily avoids the difficulties raised by the 
Bohr model. So far as experimental evidence is concerned, the two 
interpretations seem to be more or less equally justified. There is 
notliing essentially unsatisfactory in the view that the electron only 
begins to have corpuscular properties w’hcn we make an observation 
upon it; for observation necessarily involves a disturbance of the 
thing observed, and in the case of the electron this may well cause a 
drawing together or condensation into the corpuscle with which we 
are familiar. 
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Spectral Lines and the Structure of Atoms 
containing more than One Electron 

A. The Structure of Line Spectra 

1. General Series Relationships in the Optical Region 

Like the hydrogen atom, atoms of more complicated structure 
give line spectra (cf. fig. 28 (p. 138), fig. 4 (p. 220), and fig. 1 (p. 278)); 
but these do not have such a simple structure as that of hydrogen. 
The conditions of excitation are also found to have a marked effect, 
so that the spectrum of one and the same substance may contain 
quite different lines when excited in different ways, c.g. in a flame, 
in an electric arc, or in an electric spark with or without an auxiliary 
capacity or inductance. The reason for this has been shown (e.g. 
from the observed spectral relations, see p. 289) to lie in the fact that 
different degrees of ionization of the atom occur in the various cases. 
In flames and arcs it is generally the spectrum of the neutral atom 
which is excited. Hence this spectrum is usually called the arc spectrum 
—even when it is not produced by an arc. The emission of the lines 
of the arc spectrum is thus due to transitions from excited states of 
the neutral atom, in the limiting case the return of an electron to the 
singly-charged positive ion so as to form the neutral atom again. 
Under more energetic conditions of excitation the spectrum contains 
lines due to transitions from excited states of the singly-ionized atom. 
These lines lie mostly in the short-wave region. If the excitation is 
still more energetic, lines of even shorter wave-length appear; these 
are due to transitions from excited states of the more highly-ionized 
atom, i.e. of the atom which has lost more than one electron. The 
spectrum of the neutral atom is indicated by writing the Roman 
numeral I after the symbol for the element in question, e.g. Nal. 
The spectrum of the singly-ionized atom is similarly denoted by II, 
that of the doubly-ionized atom by III, and so on. Thus, for example, 
investigations have been carried out upon the spectra silicon VI and 
vanadium V. 

The number of lines in the spectra of complicated atoms is usually 
very great. It has nevertheless been found fairly easy to pick out 
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series in the case of the elements of groups I, II, and III of the periodic 
table. The elements of group I (see Table I, p. 4) exhibit the simplest 
regularities. The farther we go to the right in the periodic table, the 
more complicated do the spectra become, until in the iron and platinum 
group it is no longer possible to make out series relationships. Even 
here, however, groups of lines can be found which are certainly related 
to one another, and considerable success has attended the investigation 
of their regularities. These groups are known as multi'plets. Later 
(p. 335) we shall come across the explanation of this remarkable con¬ 
nexion between spectral character and position in the periodic table. 

\Vc shall first consider those spectra in which series relationships 
can be found. The discovery of these regularities forms a special 
branch of research. The reduction of the many lines to orderly se¬ 
quences is made possible by picking out constant frequency dilTerences 
and similarities of behavioui’ under different conditions of excitation, 
and by observation of line structure (sharpness, fine structure, &c., 
especially in the Zeeman effec-t). 

Arc Spectra of the Alkali Metals.—As in the case of hydrogen (p. 
183), the series cm be repn^^sented by the diiTerenccs between two terms, 
one constant and the other variable. The same series appear for all 
the alkali metals, so that we may consider them all together. The terms 
are no longer of the simple hydrogen type 11/n^, but must be written 
in one or other of the forms proposed respectively by Rydberg and 
lliTz: 

m _ R m _ R 

(n + a)‘^ [n + a + a/(n, a)J-‘ 

In the variable or current term, n assumes successive integral values, 
starting from a certain lowest value which as a rule is different for the 
different series. The correction term a is a constant throughout the 
series, and in some cases an additional Ritz correction term a/(n, a), 
which vanishes for the higher terms, must be taken into account. 

Ill the main these spectra contnin/our series, known as the principal, 
diffuse, sharp, and Bergmann or fundamental series. 

In the alkali spectra all the lines have a fine structure, being either 
double (doublets) or triple (triplets). The triplet structure, however, is 
not apparent in the spectra of the lighter alkali metals. 

The different series exhibit the following relationships, which 
always involve the frequencies or wave numbers of the lines and not 
their wave-lengths. 

The principal series is the one with the series limit of shortest wave¬ 
length (see fig. 1). The lines form doublets, the doublet separation 
becoming smaller as the sequence number n of the series increases, so that 
the limit of the series is the same for both components of the doublet. 
Thus the series limit is not double but simple. The diffuse series consists 
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of doublets with a constant separation. Here, therefore, there are 
two series limits, the separation of which is equal to the doublet separa¬ 
tion. The same is true for the sharp series. The difEiise series and the 
sharp series have the same limit. The Bergmann or fundamental series 
(called fundamental because the correction constant a in its current 
term is very small and the series therefore resembles that of hydrogen 
very closely) lies entirely in the infra-red, and the resolution of the 



Fig. I. —Arc spectrum of an alkali metal (Cs) and its resolution into series 
Sf sharp; p, principal; dififuse; f, fundamental. 

[From Grotrian, Craphische Darstellum der Spektreriy Part 11 (Springer, Berlin).] 

lines has so far not been completely accomplished. The following 
important relationship is found to hold; the frequency of the first member 
of the principal series is equal to the difference between the frequencies of 
the limits of the principal series and the diffuse (or the sharp) series. 
There is also a difference in the relative intensities of the doublet 
components. In the principal series of the alkali metals the shorter- 
wave component of a doublet is always the more intense, while in the 
diffuse and sharp series the longer-wave component is the more intense. 

.Fig. 1 shows how the whole spectrum (arc spectrum) of an 
element may be resolved into series. We may make use of the 
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Rydberg formula in writing the equations for the various terms of a 
series, namely, 


1/ = R 


‘ _1 _ 1 “ 

^{n a)2 (m + 6)^^ ’ 


in which m may take any of the values (n + 1), (n + 2), . . . . The 
symbol r is used to distinguish the wave-number from tl)e frequency v 
(see p. 181). 

In the case of potassium, for example, we have the following 
relations: 

Principal Series: 

(\ ^ ^ 1 

\a) V- i 1 ^^-^ ^ ^ 0-235)2_ • 


v= R 


(1 + 0-77)2 ^ U-232)2_. 


ifTuse Series: 


i? = R 


(2+ 0-235)2 (w- 0-147)2j- 


V r= R 


(2+ 0-232)2 (m- 0-147)2j* 


Siiarp Series: 


V = R 


L(2 + 0*235)2 (rn 4- 0-77)2j* 
® [(2 + 0-232)2 (to + 0-77)J' 


The equations (a) and {b) refer to the respective doublet components. 

The Interpretation of Series Relationships.—The above-mentioned 
relationships between the series limits, doublet separations, &c., had 
been empirically discovered long before any interpretation of them 
could be given. The conception of stationary states of the atom and 
the consequent conception of spectral lines as corresponding to term 
differences provide a simple explanation of the series regularities. 

The following interpretations refer always to emission spectra: 

(1) There are two possible final states in the transitions which 
give the diffuse series, and these are identical with the two possible 
final states for the sharp series. The initial states of these transitions, 
on the other hand, are different for the two series. The separation uf 
the doublet components in both series is equal to the separation of 
the two possible final states. 
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Sharp series 


(2) There is only one possible final state in the transitions which 
give the principal series. Here, however, the initial states are double, 

and the separation of the doublets 
diminishes as the sequence number 
m increases. 

(3) The first doublet of the prin¬ 
cipal series is given by transitions 
from the final state of the diffuse or 
sharp series to the final state of the 
principal series. 

Fig. 2 illustrates these relation¬ 
ships in the graphical manner pre¬ 
viously used on p. 180. The com¬ 
plete term diagram is given in fig. 3; 
this shows the fine structure of the 
energy levels, which gives rise to the 
fine structure of the lines (e.g. the 
doublet structure of the D line of 
sodium). 

The magnitude of the correction 
constant a is arbitrary to the extent 
that, since n may have any integral 
value, an increase of a by unity is 
equivalent to a decrease of n by unity. 
For the time being we may impose the condition that | a | shall be 
less than 0-5. This allows a to be negative. We shall subsequently 
learn how to fix the value of n in agreement with the demands of 
the atomic model and the observed chemical, X-ray, spectroscopic 
and other properties. 

The spectral series of the alkali metals (arc spectra) may be 
expressed quite generally as follows: 



Fig. 2 .—Term diagram for the arc 
spectrum of an alkali metal, neglecting 
doublet separations. 


Principal Series: v = 

R 

R 

(1+s)^ 

(m + p)^' 

Diffuse Series: v = 

R 

R 

(2+pr 

(m + d)*' 

Sharp Series: v = 

R 

R 

(2+p)2 

(m + s)® 

Fundamental Series: v = 

R 

R 

(3 + d)2 

(m+/f 


If we adopt Paschen’s abbreviated notation, these may be written in 
the following forms: 
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Principal Series: 
Diffuse Series: 
Sharp Series: 


= Is — mpi \ 
jjg = Is — mp21 
vi = 2pi — md ] 

V2 = ^p2 ~~~ ^ / 
vy = 2 p^ — ms \ 
Vg = 2 p 2 — m s j 


m = 2, 3, 4, .,. 


m == 3, 4, 5, ... 


m == 2, 3, 4, .,. 


Fundamental Series: 2 = 3fZ — mf; m 4, 5, 6, .. * , 



Fifir. 3*—Complete term diagram for caesium I 


tFrom Grotrian, Graphische Darstellung der Spektren, Part II (Springer, Berlin).] 


The subscripts 1 and 2 refer to the doublet components. For the 
alkali metals of higher atomic number (e.g. Cs) it is found that the d- 
terms and also the /-terms are double. From this it would at first sight 
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appear that the lines of the diffuse and fundamental series ought to bo 
quadruple. Experiment, however, shows that they are only triple. It 
is clear, therefore, that transitions cannot occur between all the possible 
pairs of stationary states. There must be certain so-called selectim 
rules, which exclude some of the transitions. This can be seen in fig. 3, 
in which the observed frequencies (with the exception of the higher 
series numbers) are indicated by sloping connecting-lines drawn between 
the energy levels concerned in their emission. It is seen that all the 
possible combinations do not actually occur. 

Note to fig. 3.—Each term has its own value of m and of a. In the figure each 
vertical set of terms has a constant a, but the value of a is different in the different 
vertical sets. For the sake of clarity the observed transitions are only indicated 
for the lower terms. The main lines of the spectrum are shown by heavier con¬ 
necting-lines. On the right is given a scale of wave-numbers in cm.“^ on the 
left an energy scale in volts, reckoned relative to the lowest level (ground state). 
The meaning of the symbols used in the figure and the significance of the Vli/v 
values will become clear in due course. 

As in the case of hydrogen, the energy value for the lowest level, 
i.e. for the ground state, must give the ionization potential of the 
atom. For hydrogen this corresponds to the frequency of the limit of 
the Lyman series; for the alkali metals the value is given by the limit 
of the principal series. In the same way the potential (first resonance 
potential) required for excitation of the resonance line, which is the 
first line of the principal series, must correspond to the energy difference 
Is -- 2p. 

Table XX 



First Resonance Potentials 

Ionization Potentials 


Theor. 

Exp. 

Theor. 

Exp. 

Li 

1-840 V 

_ 

5-368 V 


Na 

2 095 

2-12 V 

5-116 

5-12 V 

K 

1-610 

1-55 

4-321 

4-32 

Rb 

1-582 

1-6 

4-158 

4-16 

Cs 

1-448 

1-48 

3-878 

3-88 j 


Table XX gives a comparison between the values calculated from 
the spectra and those observed directly (values in electron-volts). 

2. The Optical Spectra of Elements of Higher Valency 

Spectra of Divalent Elements.—Even the increase of valency from 
one to two brings about a considerable increase of complexity in the 
spectra. The most important difference is that with divalent elements 
we have two almost completely independent term-systems, one of 
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which has only simple levels while the other has triple levels (so-called 
singlet system and triflet system). In each of these systems (see 
fig. 4) it is possible to pick out a principal series, a diffuse series, a 
sharp series, and a Bergmann or fundamental series, just as for the 
alkali metals. There is also a series corresponding to the transi- 



[From Grotrian, Graphische Darstellung der Spektren, Part II (Springer, Berlin).] 

tions 3d — the analogue of which for the alkali metals lies in 
the infra-red. 

Tetm-syxnhols.—It follows that the terms can be denoted by the 
same symbols as for the alkali metals, namely, s, p, d, /. In general 
it is customary to designate the terms of atomic spectra by capital 
letters, placing a superscript 1 before the s 3 rmbol to denote the singlet 
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[From Grotrian, Graphische Darstellung der Spektren^ Part 11 (Springer, Berlin).] 

system, a superscript 3 before the symbol to denote the triplet system, 
and so on. Thus we have ^S, ^S, ^P, and so on. The different com¬ 

ponents of a multiple term are denoted by a corresponding subscript 




OPTICAL SPECTRA 


285 


written after the term-symbol, e.g. ®Pi (see fig. 4), For the choice of 
the number for this subscript see p. 321. The principal quantum number 
noi the term is finally placed in front of the whole symbol. For example, 
4^?! (which is read as “ four-triplet-P-one ”) denotes the middle 
component (subscript 1) of the P-term of the triplet system for which 
n = 4. It should be noted that (as in the doublet system of the alkali 
metals) the S-terms of the triplet system are not triple but single, 
i.e. they do not share in the multiplicity of the system to which they 
belong. The superscript 3, however, is written in the symbol for these 
terms to distinguish them from the other S-terms. 

Selection Rules. —In connexion with the fine structure of the lines, 
it is to be noted that the combinations of the three components of a 
triplet term with the three components of another triplet term do not, 
as might be expected, give rise to a line with the multiplicity 9. The 
actual line is found to have a multiplicity of at most 6. Hence there 
must be some restriction upon the possibilities of combination of the 
fine structure components of different terms, as there is upon the 
possibilities of intercombination between the different term systems 
themselves. We see (fig. 3, p. 281) that for the alkali metals there are 
no transitions from s to d or to/, that there is only one transition (of 
low intensity) from d to s, and none from/ to ,9. The same is true for 
the divalent elements (see fig. 4). Here the transitions between the 
singlet and triplet systems arc also seen to be relatively few. The 
more detailed discussion of the selection rules governing the possibilities 
of combination of terms will be given on p. 321. 

As a further example we may take the term diagram for mercury (see fig. 5). 
Its relation to the corresponding diagram for the alkaline earth metals (fig. 4)^ 
which follows from the divalency of mercury, can be seen from the fact that 
we again have a singlet system and a triplet system. In addition, the lowest 
term is in both cases an S-term. But in consequence of the complicated structure 
of the mercury atom, which contains 80 extranuclear electrons, the transitions 
betw^een^ singlet and triplet system and vice versa are quite numerous. The 
resonance line 2530 A., which is used in many experiments, is a case in point 
(see fig. 6); so also is the pair of yellow lines 5769 and 5789 A. The resonance 
line of the singlet system lies at 1849 A. The visible triplet 5460, 4358, 4046 A. 
is given by the lowest transition — ®P. This gives an idea of the large separa¬ 
tions of the components of the level (the ®S level is simple) in comparison w ith 
the separations for lighter atoms (such as Ca or Mg). 

The Helium Spectrum. —The spectrum of helium (fig. 6) is quite 
similar to that of an alkaline earth metal. Helium, with its two electrons 
surrounding a nucleus of charge two, thus exhibits a certain resemblance 
to an alkaline earth metal with its two valency electrons (see also 
p. 324). The two different states of helium (orthohelium and parhelium) 
have already been mentioned on p. 274. The triplet sysitem of the 
helium spectrum belongs to orthohelium, the singlet system to par- 
helium. It can be shown that no intercombination of the two systems 
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Fig. 6.—Term diagram for neutral helium 
[From Grotrian, Graphische Darsteliung der Spektren, Part 11 (Springer, Berlin).] 


is possible. We have seen (p. 274) that there is only one proper function 
for the lowest state (n = 1). This is in agreement with observation, 
for the lowest term of the orthohelium system has n = 2. There is 
an energy difference of 19-77 volts between the lowest term of helium 
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(^S) and the next higher {2®S). This is the greatest known difference 
between a ground state and the next higher state. One consequence 
is that up to a velocity of about 19*8 volts electrons suffer no loss of 
velocity in helium gas. The other inert gases exhibit similar behaviour, 
though to a lesser extent. On this fact are based many technical 
applications of helium and the other inert gases in gas discharges. 

Trivalent Elements. —^As an example of a trivalent element, we may 
take the term diagram of aluminium given in fig. 7. In addition to 
the doublet terms shown there, quadruple terms (quartets) also occur 
for the elements of group III of the periodic table. 

It can be seen from fig. 7 that the lowest term of the aluminium 
atom is not an S-term, as in the cases considered above, but a P-term. 

Metastable States. —We have seen that there must be selection rules 
which preclude the possibility of certain transitions between stationary 
states of an atom in the emission or absorption of radiation. A very 
important consequence of this is the existence of excited states which 
cannot pass over into the ground state by emitting their excitation 
energy as radiation, and which cannot be produced from an atom in 
the ground state by the absorption of radiation. A case of this kind 
has already been mentioned on p. 180. 

Exiimples of excited states of the kind in qucvStion can be found in 
the preceding term diagrams: in fig. 4 the 3^D and the 2^P2 
levels of Sr, in fig. 5 the 2^?^ and 2^?^ levels of Hg, and in fig. 6 the 2^S 
level of He. If an excited atom reaches one of these levels by emitting 
radiation, it cannot pass over into the gi-ound state by further emission. 

The energy of excitation of these levels can only be transhured to 
another atom by a collision process. Hence such excited atoms often 
reach a comparatively high concentration. Whereas the length of 
time usually spent by an atom in an excited state is of the order of 
magnitude of 10-® second, atoms may remain in these so-called 
metastable states for periods running into seconds. The existence 
of such metastable states is of great importance in many photo¬ 
chemical reactions. 

Spark Spectra. —In this chapter we have so far dealt only with the 
spectra of the neutral atoms of certain elements. The spectra of the 
singly or more highly charged positive ions (formed by the removal 
of one or more electrons from the neutral atom) exhibit quite analogous 
series relationships. The corresponding lines, however, lie much 
further in the ultra-violet. The reason for this lies in the increased 
force exerted by the nucleus upon the remaining extranuclcar electrons 
when one or more of the latter have been removed. The relations 
between the spectra of neutral atoms and ions may be expected to 
bo of the kind mentioned on p. 193 in connexion with He+, Li**“+, and 
Be+++, when it was pointed out that in these cases the spectra can bo 
derived from that of hydrogen by multiplication by the squares of the 
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Fig. 7 .—^Tcnn diagram for neutral aluminium 
[From Grotrian, Graphische Darstellung der Spektren, Part 11 (Springer, Berlin).] 


respective atomic numbers. For example, the Ha line of the Balmer 
series corresponds to a He+ line of four times the frequency, to a Li++ 
line of nine times the frequency, and to a Be+++ line of sixteen times 
the frequency. 
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In applying tMs line of argument to the more complicated atoms, 
we must compare systems with different nuclear charges but with the 
same number of extranuclear electrons, e.g. Na, Mg+, A1++. The 
anticipated relationships are actually found to occur: the spectra of 
Na, Mg+, and A1++ all have the same doublet character, although e.g. 
the neutral Mg atom has a singlet-triplet character. Moreover, the 
quantitative relationships between these three spectra is very nearly 
the same as for H, He**", Li++. We may take as example the series 
formulae for the sharp series (considering only one component, for the 
sake of simplicity). We have the following: 


Na: 


A1++: V = 9R 


1 

1 1 

(3 - 0-90)® 

(m — l-38)2j 

1 


J3- 0-74)2 

{m - 1-08)2J 

1 

1 

_(3 — 0-03)2 

(m- 0-91)2 


The sequence number m may assume the values 4, 5, 6, ... , 

Thus we sec that there is a marked similarity, both as regards fine 
stnicture and series formulae, between the arc spectrum of any given 
element, the first spark spectrum of the element one place higher in 
the atomic number scale, the second spark spectrum of the element 
two places higher in the atomic number scale, and so on. This is known 
as the spectroscopic displacement law of Sommerfeld and Kossel. 

Analogies of this kind will be further traced on p. 340. 

W. Wien has devised an elegant method for deciding to which state of ioniza¬ 
tion of an atom an emitted line belongs. Use is made of a luminous canal-ray 
beam shot into a vacuum. The application of a transverse field causes a deflection 
of the charged particles, but allows the neutral atoms to pass on undcflected. 
Spectroscopic examination of the light emitted by the deflected and undeflected 
parts of the beam makes it possible to allocate the different lines either to the 
arc spectrum or to the various spark spectra. Special precautions are necessary 
to prevent charge exchanges in the beam. 


Absorption Spectra. —Absorption spectra are the reverse of emission 
spectra, at least in the optical region at present under consideration 
(cf. p. 78). The absorption lines coincide exactly in wave-length with 
the corresponding emission lines, and in principle every emission line 
can also occur as an absorption line. Certain limitations are encountered, 
however, in connexion with experimental observation. In order that 
an absorption line may be observable, it is necessary that a large 
number of atoms shall make the corresponding transition almost 
simultaneously; otherwise insufficient light is absorbed from the 
incident beam. This means that a large number of atoms must be 
present in the lower of the two energy states between which the tran* 

(b067) 20 
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sition occurs. But the state towards which all the atoms tend to pass 
is the lowest energy state, the ground state. Hence under normal 
conditions (i.e. at low temperatures and in the absence of any special 
supply of energy) only those absorption lines are observed which 
involve transitions from the ground state. Thus hydrogen atoms do 
Si not ordinarily absorb the lines of 

the Balmer series, but only those of 
the Lyman series. In spite of the 
-- very intense lines which the mercury 
:i arc emits in the visible region, mcr- 
Jg cury vapour is quite transparent in 
I this region: the first absorption line 
I ^ lies at 2536-5 A. in the ultra-violet. 
1 ^ As can be seen from the term dia- 
£ ^ gram of fig. 5 (p. 284), the visible 
I u lines are due to transitions whose 
S' Ji lower level is an excited state of the 
I H atom which under normal conditions 
" d does not occur in the vapour to an 
s B appreciable extent. If, however, 
I "I the temperature is sujSiciently high, 
g "I excited atoms may occur in con- 
■| I siderable concentration, the kinetic 
I I energy of a sufficiently large number 
« .5 of atoms being then high enough to 
g I excite other atoms by collision. If 
I I the excited level is not very far 
^ ^ above the ground level, absorption 
® o lines due to transitions from the 
I I excited level may become observable 
I - at relatively low temperatures (cf. 
I p. 180). Whero higher excited levels 
I. are involved, correspondingly higher 
temperatures are necessary. Feeble 
^ absorption lines are observed experi¬ 
mentally by taking very thick layers 
of the absorbing substance, so as to 
increase the number of atoms in- 




volved. The Balmer lines of hydrogen, for example, often appear 
clearly in the absorption spectra of the atmospheres of stars (see fig. 8). 
Metastable states can also be obtained in such high concentration as to 
enable the absorption spectra of the metastable atoms to be observed. 
The absorption by excited states can also be determined indirectly by 
the method described on p. 157, 

Within any given series the intensity of absorption falls off as the 
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sequence number increases. Yet the lines of a series can often be 
followed up to much higher sequence numbers in absorption than in 
emission. 

3. X-ray Spectra 

Some of the important features of X-ray spectroscopy have already 
been discussed in Chapter I (p. 54). In structure X-ray spectra are 
considerably simpler than optical spectra. We have already seen that 
each element of relatively high atomic number emits a number of 
characteristic series of X-ray lines, lying in quite widely separated 
spectral regions. (This is reminiscent of the hydrogen series: Lyman 
series in the extreme ultra-violet, Balmer series in the visible and near 
ultra-violet, Paschen series in the infra-red.) The X-ray series of shortest 
wave-length is known as the K-series, the others b('ing called the L-, 
M-, N-, 0-, P-series in order of increasing wave-length. An account 
of the present stage of our knowledge of these series has been given in 
Chapter I of this volume. The series become more and more complicated 
in the order given above, starting from the K-series. 

The limits to our knowledge of this subject, evidenced by the fact that various 
series are unknown for certain groups of elements, depend on technical difficulties. 
In particular, the region lying between the short-wave ultra-violet region and 
the long-wave X-ray region (iOOO — 50 A.) until recently was accessible only 
with great difficulty to precise measurement. 

These spectra are excited either by bombardment of the clement in question 
with sufficiently fast cathode rays (see Vol. Ill, p. 347) or by irradiation with 
X-rays. In the latter method the energy quantum of the X-rays used must 
be greater than that of the X-rays to be excited, in which case the substance 
irradiated gives its own characteristic spectrum, in addition to scattering the 
primary beam. 

Fig. 65 (p. 77) gives a graphical representation of the lines of the 
K-series for different elements, the quantity V vj'R being plotted as a 
function of the atomic number. We see that the graph is very nearly 
a straight line. The corresponding analytical expression for the Ka 
lines is to a good approximation 

This may be rewritten in the form 

Thus we obtain a formula which is very similar to that derived for 
the one-electron system (see p, 183), but with the difference that the 
nuclear charge is diminished by approximately unity. 

If the data for the La lines are plotted in the same way, an approxi- 
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mately rectilinear graph is again obtained (see fig. 12 (p. 297)). Here 
the approximate equation is 

(Z- 7-4)*(^22- 32)- 

Thus X-ray lines can be represented as the difference of two terms. 
According to this view, the K-series is given by transitions to a final 
state of quantum number one, the L-series by transitions to a final state 
of quantum number two, the M-series by transitions to a final state of 
quantum number three, and so on. 

Moreover, the individual members of the different series obey 
certain combination rules, discovered by Kossel. The following 
approximate relationships are found to hold between the frequencies: 

Kjg —Ka+ La; Kj32= Ka-f-Ly; Ly=La4-Ma; Kj32== Kj3i4" Ma. 

These empirical relations help us considerably towards an under¬ 
standing of the origin of these spectra. In this connexion absorption 
spectra and the energy conditions of excitation are also of great 
importance. 

In optical spectra (see p. 289) those emission lines which are due 
to transitions to the ground state (or to an excited state normally 
present in sufficient concentration at the temperature of the experi¬ 
ment or to a metastablc state normally represented to a sufficient 
extent) also appear in absorption. In the X-ray spectra now under 
consideration, however, this is not the case. On the contrary, the 
absorption spectrum (see p. 54) consists of a continuum whose in¬ 
tensity falls off with decreasing wave-length from a sharp long-wave 
edge. In the L-series three such edges are found, in the M-series five, 
in the N-serics seven, in the 0-series five, in the P-series three. In the 
optical case, moreover, the different members of a series can be excited 
successively by gradually increasing the energy of the exciting electrons 
(see p. 138). But for X-rays this is not so. As the energy of the exciting 
cathode rays is gradually increased, there is no emission of, say, the 
Ka lines even when the hv value of these lines is reached. Not until 
the energy of the cathode rays reaches the hv value of the absorption 
edge (i.e. of the series limit) does emission occur, and then all the lines 
of the K-series appear at once. The same is true for the other series. 
(For the complex structure of the absorption edges see p. 294.) 

These phenomena indicate that all the electrons of an atom are not held by 
the nucleus with the same force. For if this were the case, the energy of the 
absorption edge (i.e. the energy required to remove an electron from the atom) 
would necessarily always correspond to the limit of the optical arc spectrum. 
Since in general only one electron is removed from an atom by X-rays, or at 
most a few (cf. p. 135), other ionization processes must exist besides that 
corresponding to the limit of the arc spectrum. The existence of different absorp- 
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tion edges (K, L, M, &c.)* proves further that even in the X-ray region there 
must be different ionization processes involving different energies. 

An explanation of the mechanism of X-ray emission in agreement 
with the experimental observations outlined above was first put 
forward by Kossel in 1914. Since (as we have just seen) all the 
electrons in the atom are not held with equal force, we must assume 
that some are nearer and some farther from the nucleus. The data 
to be given later lead to the view that there are groups of electrons 
in the atom, all the members of a group being at approximately the 
same distance from the nucleus, i.e. situated more or less on a spherical 
shell surrounding the nucleus. Several such shells are supposed to be 
present in complicated atoms, and the maximum number of electrons 
to each is different for different shells. The innermost shell, in which 
the electrons are most strongly held on accomit of their proximity to 
the nucleus, is called the K-shell. The next is called the L-shell, and 
so on outwards from the nucleus (see fig. 9). In complicated atoms 
the inner shells are supposed to be full, i.e. to be occupied by the 
maximum numbers of electrons which they can hold. 

Suppose now that an electron from the K-shell is ejected from the 
atom by means of a sufficiently energetic cathode-ray particle. The 
free place thus created in the K-shell may be taken e.g. by an electron 
from the L-shell. This results in the liberation of a quantity of energy 
equal to the difference between the energies of an electron in the 
K-shell and in the L-shell. This energy difference is emitted in the 
form of monochromatic radiation—^the Ka line. If, alternatively, an 
electron drops from the M-shell into the free place in the K-shell, the 
larger energy quantum of the KjS line is emitted. 

The energy required to eject an electron from the L-shell is less 
than that required to eject an electron from the K-shell: the L- 
absorption edge corresponds to a longer wave-length (a smaller fre¬ 
quency) than the K-edge. The dropping of electrons from outer shells 
to a free place in the L-shell gives rise to the lines of the L-series. 
Analogous considerations hold for the remaining series. The atom 
which was ionized in the original excitation process eventually captures 
an electron again; this electron takes up the place which has become 
free in an outer shell, thereby emitting the appropriate radiation 
(possibly in stages). 

This theory provides the first explanation of the peculiar behaviour 
observed in connexion with the excitation of X-ray spectra. We see 
that it is impossible to excite the Ka line by supplying the energy 
corresponding to it; for this would necessitate lifting an electron from 
the K-shell to the L-shell, a process which is impossible because the 
L-shell is already full. Analogous considerations hold also for the 
other lines of the K-series. In order that the emission of the K-series 
may become possible, an electron must be ejected from the K-shell 
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so as to reach the outside of the atom. The Energy corresponding to 
this ejection is therefore the minimum which will cause the K-lines 
to appear. We see too that, once the K-clectron has been ejected, all 
the lines of the K-series, can occur. Thus the simultaneous appearance 
of all the lines of the scries when a certain limit of excitation energy is 
exceeded, at once becomes intelligible. 

The intensity relationships are also well accounted for. It is natural 
to assume that a free place in any given shell will most probably be 
filled by an electron from the next shell and that the probability of an 
electron falling into the free place from more distant shells decreases 
with the distance. Actually the Ka line is found to be the most 
intense (fig. 61, p. 74), and in general the intensity falls off as we 
pass to higher members of a series. 

From the above theory we may deduce that in order to excite a series it is 
not necessary to eject the inner electron completely from the atom, but only 
to move it out to the nearest empty or incompletely filled shell. However, the 
energy difference between an electron when removed completely from the atom 
and when in a shell which is fairly remote from the nucleus is very small compared 
with the energy difference between an electron when in the shell just mentioned 
and when in the K-shell (see fig. 10, p. 295). Consequently, since the empty or 
incompletely filled shells are in the outer part of the atom, the energy required 
to remove a K-electron completely from the atom differs only slightly from that 
required to move the electron to an unoccupied place in an outer shell. Wo should 
expect a certain fine structure of the absorption edges, and this is in fact observed. 
The observed fine structure, however, is not altogether due to this cause. 

The theory just outlined at once explains the combination relation-- 

ships mentioned on p. 292. These can 
be read off without difficulty from 
fig. 9. A comparison may be made 
e.g. with the analogous combination 
relationships between the various 
members of the hydrogen series (p. 
184). 

A comparison with the Bohr model 
of the hydrogen atom also gives an 
explanation of the significance of the 
series formula given on p. 291, which 
holds at least approximately for X-ray 
spectra. An electron iti the K-shell 
is under tlie influence of the nuclear charge, but this is to some 
extent “ screened by the other electron in this shell. (It will be 
shown later that the K-shell contains only two electrons.) Hence 
the effect is as if the nuclear charge Z were reduced to (Z o), 
where a is the so-called screening constant. It is accordingly to 
be expected that the Bohr formula will hold approximately, but 
with the quantity Z —- o (the so-called effective nuclear charge or 
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effective atomic number) in place of Z. The formula can only hold 
approximately, because no account has been taken of the effect of the 
L-shell. We need not discuss this further here. For the L-series the 
effective nuclear charge is still smaller, on account of the direct screening 
action of the whole K-shell and the marked additional screening action 
of the remaining electrons of the L-shell itself. (It will be shown later 
that the maximum number of L-electrons is eight.) This is in good 
accord with the relatively large screening constant (a — 7*4) which 
here appears in the formula (p. 292). 

Term Diagrams. —Just as for the optical spectra, the stationary 
states (i.e. the stationary energy levels) can be represented graphically 
in a term diagram. In order to bring 

this representation into relation with the-“i-A 

corres^jonding diagrams for optical spec¬ 
tra, the following considerations must be 
taken into account. The zero of the 
energy scale is taken as the energy of K-SertesaS^ p 2 
the singly-ionized atom, in the case in 
which the most easily-removed electron has 

been removed. The ordinary excited ^ 

states of the neutral atom have lower j^Scnxis 

energies than this, i.e. have negative - . —^ 

energies. Now the energy of the atom 

in an excited state which gives rise to ,o.-simpio term diagram™ 

the emission of X-ray series is con- for x-ray spectra 

siderably higher than the zero just de¬ 
fined, because an electron which is ordinarily firmly held by the 
nucleus has been removed from the atom entirely or at least 
removed to the outer regions. The amount of energy required to 
remove such a firmly-held electron is much greater than that required 
to ionize the atom by removing the least firmly-held electron. Hence 
the highest energy state of the singly-ionized atom is that in which 
the electron removed has come from the K-shell. The state in 


which the electron is missing from the L-shell has a lower energy, and 
so on. We thus arrive at the system of energy levels represented in 
fig. 10. In emitting the Ka line the atom passes from the uppermost 
level to the next lower. This means that the free place which was 
previously in the K-shell has been transferred to the L-shell; or, what 
is the same thing, an electron has jumped out of the L-shell into the 
K-shell. According to the series formulae of pp. 291, 292, wc may 
ascribe the quantum number n = 1 to the K-shell, w = 2 to the 
L-shell, n == 3 to the M-shell, and so on. We see that the order of the 
levels, as compared with those of hydrogen, is inverted. As has just 
been pointed out, the reason for this is that the transition of an electron 
in the hydrogen atom is analogous to the transition of a free place or 
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“ hole ’’ in the diagram now under consideration. Thus whereas in 
optical term diagrams each series has a common state and various 
initial states, in X-ray term diagrams each series has a common initial 
state and various final states. In both cases, however, the actual 
electron transitions are from various initial states to a common final 
state. 
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Fig, II.—General term diagram for the X-ray spectrum of a heavy atom. The distances 
between the energy levels are not drawn to scale (sec fig. lo, p. 295 ) 


An alternative type of diagram is often used in which the Kdevel is placed 
lowest, the whole system being inverted relative to fig. 10. The transitions 
marked on the diagram are then actual electron transitions (not transitions of 
the hole ” as in fig. 10) and complete parallelism to the optical term diagrams 
is attained. In the light of what has been said above, however, such a mode of 
representation does not appear to be quite so natural, though when it is only a 
question of the energy differences involved the form of representation is of no 
consequence. 
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Pine Structure in X-ray Spectra. —^It has already been mentioned 
on pp. 60 and 292 that the L-series exhibits three neighbouring absorp¬ 
tion edges and the subsequent series even more. These L-edges are 
called Lju, L^, and Lj, and similar symbols are used for the other 
series. From this we conclude that the L-shell must be triple in the 
sense that a free place or hole in the L-shell may be associated with 
three different but neighbouring energy levels of the atom. 



Fig. 12 .—^Variation of terra values with atomic number 
[From Zeitschrift far Physik, Vol. XII (tgzz) (Springer, Berlin).] 

It has been shown by Webster and Clark and by Hoyt that the lines of the 
L-series are excited in successive groups as the energy of the exciting cathode rays 
is gradually increased. In the case of tungsten L lines first appear above 10,200 
volts; but the whole series does not appear at once, as is the case for the K-series. 
Absorption measurements show that 10,200 volts is equivalent to the Av value 
of the Ijin edge. Only when the energy corresponding to the Ln edge (11,600 
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volts) is reached does a further group of lines appear. A third and final group 
makes its appearance when the cathode-ray energy reaches 12,000 volts, which 
corresponds to the Lj absorption edge. 

By means of experiments of this kind it is possible to associate 
the different lines of a series with the different absorption edges and 
so to verify and amplify the term diagram. Fig. 11 is an improved 
diagram of this kind, showing the observed lines and their normal 
designations. The allocation of the principal quantum numbers n 
has already been mentioned on pp. 295 and 292. The numbers given 
on the right of the diagram under the headings I and j will be discussed 
later. We see again that all possible combinations of energy levels 
do not actually occur. Once more the transitions must be governed 
by certain selection rules (see p. 321). 

The dependence of the energy levels or terms on the atomic number 
of the atom concerned is shown graphically in fig. 12, from which we 
shall be able to deduce important conclusions about atomic structure. 
We see that the different energy levels show different kinds of variation 
with atomic number. Thus Lj and Ln run nearly parallel; as do also 
Mj and and Mjy, Nj and Njj, Nm and Njy, Ny and Nvi, Oj and 

Oxi, Ojn and Ojv, and Pj and Pn. Each of these pairs of terms gives, 
in combination with some other term, a doublet with a frequency 
separation which is approximately inversely proportional to the 
principal quantum number n of the shell in question. Doublets of this 
kind are known as screening doublets. The pairs of transitions giving 
such doublets can be read off from fi.g. 11. On the other hand, the 
following pairs of energy levels show a different behaviour as plotted 
in fig. 12: Ln and Lm, Mu and Mm, and Mjy and My. These pairs give 
rise to doublets whose separation is proportional to (Z — a)^, where 
or is the screening constant. As will be shown later, the energy difference 
between the components of these pairs of levels is connected with 
different orientations of the electron spin. The doublets are therefore 
called spin doublets. 

B. The Shell Structure of Atoms 

4. The Periodic Properties of the Elements and their 
Explanation 

As was shown in Chapter I of this volume, the elements may be 
arranged in succession so that each may have ascribed to it an ordinal 
number (the so-called atomic number) which is the number of extra- 
nuclear electrons or the number of elementary positive charges upon 
the nucleus. In this arrangement, therefore, each element differs from 
the preceding one in having a nucleus with one extra positive charge 
and one extra electron in the surrounding electron swarm. This addition 
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of one electron to the outer region must affect those properties of the 
atom (e.g. atomic volume or diameter) which depend on the extra- 
nuclear configuration. Properties of this kind have been considered 
in connexion with figs. 1 and 2 (pp. 7 and 8), when it is found that 
the variation with atomic number is not always in the same direction, 
but is 'periodic. This is true e.g. of the atomic volume (see fig. 1, p. 7) 
and is particularly true of the chemical properties (see the periodic 
table, Table I, p. 4). The spectral properties of atoms show a similar 
periodicity. Thus, as we have seen on p. 277, all the alkali metals have 
similar spectra. The periodicity of spectral character is particularly 
noticeable in the case of the term multiplicity. Here we have the so- 
called alternation law of Rydberg, which states that neutral elements 
of odd atomic number have terms of even multiplicity, while neutral 
elements of even atomic number have terms of odd multiplicity. It 
is to be noted that the multiplicity here referred to is the term multi¬ 
plicity, not that of groups of spectrum lines. Table XXI shows the 


Table XXI.— ^Term MuLTmLicixiEs 


19 K 

20 Ca 

21 Sc 

22 Ti 

23 V 

24 Cr 

25 Mn 

20 Fe 

doublet 

singlet 

triplet 

doublet 

quartet 

(.singlet) 

triplet 

quintet 

quartet 

sextet 

quintet 

septet 

quartet 

sextet 

octet 

triplet 

quintet 

septet 


alternation law for the fourth period of the periodic table (atomic 
numbers 19 to 26). 

The periodicity of the properties depending on the arrangement of 
the extranuclear electrons indicates that, in the building up of heavier 
atoms by successive increase in the nuclear charge and increase in the 
number of extranuclear electrons, there must be a periodic recurrence 
of similar electronic configurations. This is reminiscent of the shell¬ 
like structure of atoms already referred to in connexion with X-ray 
spectra (p. 293). We shall now go into this question in rather more 
detail. 

The electronic configurations of the inert gases all show a remark¬ 
able stability. The numbers of electrons involved are: He, 2; Ne, 10; 
A, 18; Kr, 36; Xe, 54; Rd, 86. The great stability is manifested firstly 
in the extreme chemical inertness of the inert gases and secondly in 
the tendency of elements of neighbouring atomic numbers to assume 
the inert-gas structure. We have already mentioned that the elements 
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which follow the inert gases in the periodic table have an electropositive 
character, i.e. are able to lose electrons relatively easily, the number 
lost being just sufficient to reduce the extra-nuclear configuration to 
that of the preceding inert gas. On the other hand, those elements 
which precede the inert gases have a strong electronegative character, 
being readily able to take up the number of electrons required to make 
up the inert-gas structure. In view of these facts, we shall not go far 
wrong in assuming that each inert gas represents the completion of a 
shell. In the alkali metal immediately following an inert gas the extra 
electron becomes the member of a new outer shell. This is in agreement 
with the large increase of atomic volume occasioned by the introduction 
of this new electron (see the peaks in the atomic diameter graph of 
fig. 1, p. 7). The introduction of a further electron to give an alkaline- 
earth atom clearly adds a second member to the shell previously begun; 
for the atomic volume, instead of increasing, becomes less (as is to be 
expected on account of the simultaneous increase of nuclear charge). 
Thus, for example, the radius of the hydrogen atom in the ground state 
is 0*532 A., while that of He+ is only half this figure. In the neutral 
helium atom the screening effect of the electrons makes the radius 
greater (actually 0*3 A.), but not nearly so great as for hydrogen. 

It is possible to obtain more direct evidence for the assumption 
that the extra electrons of the atoms following an inert gas occupy 
a new shell in the structure. Let us consider the ionization potentials, 
i.e. the amounts of work (expressed in electron-volts) required to 
remove an electron from the neutral atom (or from the singly, doubly, 
&c., ionized atoms respectively) in the ground state. These potentials 
are collected in Table XXII for a number of elements, so far as they 
are at present known. Some of the numbers are derived from spectro¬ 
scopic data (i.e. from the limits of the principal series, see p. 280). 
We consider first the amounts of work required to remove the first 
electron. We see that the values increase with increasing atomic 
number until an inert gas is reached. Then there is a sudden drop: 
the next electron (in the succeeding alkali metal) is held very much 
more loosely than the electrons of the preceding inert gas, although 
the nuclear charge is greater for the alkali metal. This is simply a 
quantitative expression of the ease with which the alkali metals can 
form positive ions. The same sort of thing is found when we consider 
the work required to remove the successive electrons from one and the 
same element. Thus in the case of potassium the removal of the nine¬ 
teenth electron (i.e. the one in excess of the number for an inert gas) 
requires only about an eighth of the energy subsequently necessary to 
remove the eighteenth electron (see Table XXII). Of course the 
attraction of the nucleus is enhanced by the removal of the nineteenth 
electron; but this camot accotmt entirely for the much larger amount 
of work required to remove the next electron. For consider the case 
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Table XXII.— Work required to remove Successive Electrons 
(in Electron-volts) ♦ 


Atomic 


... .. 1 

Work required to remove the nth Electron | 

Number 





1 





1 

2 

3 

1 4 

1 

5 

6 

1 

11 

13-54 






2 

He 

24-45 

54-12 





3 

Li 

5-37 

(75-8) 

122 




4 

Be 

9-50 

18-14 

(154) 

21(5-50 



5 

B 

8-34 

24-20 

37-79 

(261*0) 



6 

0 

11-20 

24-30 

4(5-30 

64*23 

(395) 


7 

N 

14-49 

29-56 

47*20 

(73-50) 

97-4 


8 

0 

13-50 

35-00 

54-88 

77-0 

110-8 

137-4 

9 

F 

18-60 

32-30 

(62*50) 

86-6 

102-3 


10 

Ne 

21-48 

4100 





n 

Na 

5-12 

47-0 





12 

Mg 

7-61 

14-97 

80-0 




13 

A1 

5-95 

18-75 

28*30 

122-0 



14 

Si 

7-39 

16-25 

33-35 

44-95 

169 


15 

P 

10-30 

19-80 

30-0 

48*0 

64-80 


16 

S 

10-31 

23-30 

32-1 

47-1 

69-0 

88-0 

17 

01 

13-10 

24-00 

39-6 

47-4 

! 67*6 

88*7 

18 

A 

15-70 

27-82 1 





19 

K 

4-32 

31-70 





20 

Ca 

6-08 

11-82 

51-0 




21 

Sc 

6-70 

12-80 

24-6 

(72-2) 



22 

Ti 

6-81 

13-60 

(28-0) 

43-06 

(95-70) 


23 

V 

6-76 

14-70 

29-6 

48-30 

64-00 

122 

24 

Or 

6-74 

16-60 


50-40 

72-80 


25 

Mn 

7-40 

15-70 



75-70 


2G 

Fe 

7-83 

(16-50) 





27 

Co 

7-81 

17*20 





28 

Ni 

7-64 

18-20 





29 

Cu 

7-69 

20-50 





30 

Zn 

9-35 

17-89 





31 

Ga 

5-97 

18-90 

30-6 




32 

Ge 

(9-5) 

16-00 

32-0 

45-30 




♦ The figures for the 2nd, 3rd, . . . electrons refer to the removal of the electron 
in question after the preceding electrons have been removed. Thus e.g. the total 
work required to remove four electrons from the carbon atom is 11’2 + 24*3 + 46*3 
+ 64*2 “ 146 electron-volts. 
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Table XXII — (continued) 


Atomic 

Number 

Element 

Work required to remove the nth Electron 

1 

2 

3 

4 

5 

0 

33 

As 

(11-5) 


(28-0) 


02-4 


34 

Se 

{i)-5) 





81-40 

35 

Br 

(lJ-60) 






36 

Kr 

13-90 

26-4 





37 

Rb 

4-10 






38 

8r 

5-07 

11-0 





39 

Y 

6-50 

12-30 

20-60 




40 

Zr 




34-20 



45 

Kh 

7-70 






46 

Pd 

9-0 






47 

Ag 

7-54 

21-0 





48 

Cd 

8-95 

lG-8 





4!) 

In 

5*76 

10-8 

27-91 




50 

8n 

7-3() 

14-53 

30-49 

40-57 



51 

Sb 

(8-50) 



43-91 

55-40 


54 

Xe 

12-0 

(24-25) 





1 55 

Cs 

3*88 






1 50 

Ba j 

5*19 

9-95 





57 

La 

5-50 

(12-50) 





' 58 

Ce 

6-91 






59 

Pr 

5-76 






()0 

Nd 

(r31 





1 

62 

Sm 

6*55 






65 

Tb 

(v74 






66 

By 

()-82 






70 

Yb 

7-06 






79 

Au 

9-25 






80 

Hg 

10-39 

18-67 





81 

T1 

6-08 

(21-0) 

30-6 




82 

Pb 

7-39 

14-98 

31-93 

43-90 



83 

Bi 

8-00 


25-90 




88 

Ba 


10-2 






of the next element calcium. Here the amount of work necessary to 
remove the twenty-first electron is rather less (6-08) than that required 
subsequently to remove the next electron (11’82). This is due to the 
reduction of the screening. The two amounts are nevertheless of the 
same order of magnitude. In order to remove one more electron from 
calcium, a very much greater amount of work (61*0) is found to be neces¬ 
sary—evidently because a new shell has to be broken into. The same 
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sort of thing is exhibited in the case of the next element scandium. 
Here three electrons can be removed relatively easily, but the fourth 
suddenly requires a much greater expenditure of work (see Table XXII), 
If we make due allowance for the reduction of screening, the above 
considerations show quantitatively the great stability of the electron 
configurations of the inert gases and the beginning of new shells in 
the alkali metals. 

The distributions of charge density, as calculated by wave mechanics, 
likewise show maxima at different distances from the nucleus, corre¬ 
sponding to the successive shells at present under discussion (see fig. 13). 



^ Distance from 
nucleus 


Fig. 13 .—Radial distribution of charge density for 
Li +, Na and 01“ (after Pauling) 


Making use of the periodic table and the table of ionization poten¬ 
tials given above, we might now attempt to deduce the numbers of 
electrons contained in the different shells for different elements. In 
this connexion, however, we have to take account of the following 
consideration, which throws some doubt on the solution of the problem 
in this simple form. The configurations in the neighbourhood of the 
inert gases may be regarded as imique: the completion of shells at the 
inert gases and the commencement of new shells at the alkali metals 
may be taken as certain. The sub-groups and the transitional groups, 
however, cannot be brought into the scheme without further investiga¬ 
tion. It is quite possible, for instance, that when the M-shell has been 
built up to a certain (incomplete) extent, the next electrons may enter 
the N-shell, i.e. that new shells may be commenced before the preceding 
shells are completed. This will obviously be a question of the energy 
relationships involved in the process of building up successive atoms 
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of the periodic table by successive increases of the nuclear charge and 
additions of extra-nuclear electrons. The configuration which results 
will be that which has the lowest energy in each case. As we shall see 
later, considerations of optical spectra give a clear answer to questions 
of this kind. 

X-ray spectra also give information on this point, as can be seen in 
the following way. In the first place, the complete linearity of the 
X-ray spectra of the K-series and the approximate linearity of the 
L-series are in striking contrast to the marked periodicity of other 
properties of the elements when arranged in order of atomic number. 
It is not difficult, however, to understand how this must come about, 
in the light of what has been said above. The innermost shells of eleo 
trons are responsible for the production of the X-ray series mentioned. 
The electrons in these shells are strongly influenced by the nuclear 
charge, but this influence is to some extent screened by the presence 
of the remaining extra-nuclear electrons of the atom. Regarding the 
different shells as occupying fixed positions in space around the nucleus 
(cf. fig. 44, p. 271, and fig. 9, p. 294), we may resolve this screening 
effect into three parts: (1) that due to the electrons of shells nearer 
the nucleus than the shell of which the selected electron forms a part, 
(2) that due to the electrons in shells/ar^^-er/fom the nucleus, and (3) 
that due to electrons in the same shell as the selected electron. To a 
first approximation we may regard the screening of part (1) as complete, 
i.e. we may suppose the nuclear charge to be reduced by a number of 
elementary units equal to the number of electrons in the inner shells 
concerned. The second part of the screening can be computed by 
assuming the outer shells to be spherically-symmetrical charge dis¬ 
tributions upon spheres with the radii of the respective shells. The 
potential energy of an electron within such a spherical shell of radius 
p^Q (where Uq is the radius of the first Bohr circular orbit) and of total 
charge Ze is Ze^|(pa^^), This decreases as p increases. Thus it is easy to 
see, for example, that the addition of an electron to the N-shell has 
only a vanishingly small effect on the energy of an electron in the 
K-shell in comparison with the simultaneous increase by unity of the 
nuclear charge. The third part of the screening effect, namely that due 
to the electrons in the same shell as the selected electron, is difficult 
to estimate; but at any rate the screening due to each such electron 
is only partial. 

By following the train of thought first suggested by Bohr, i.e. by 
regarding each element as built up from the preceding element by the 
addition of one extra-nuclear electron and the simultaneous increase 
of the nuclear charge by unity, it is thus possible to draw some con¬ 
clusions as to the position taken up by the new electron from considera¬ 
tion of the screening to which it is subjected. X-ray spectra give us 
quantitative information about this screening. In fig. 14 (which corre- 
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spends to a portion of fig. 12, p. 297, on a larger scale) the ordinates 
of the graphs are the square roots of the term values. These are pro¬ 
portional to the effective nuclear charge (Z — o), where a is the screening 
constant (see p. 294). Hence a may be calculated directly. A linear 
slope of the graphs indicates that a is constant, i.e. that the newly- 
added electrons are being incorporated in shells ] 3 nng far outside the 



Fig. 14 .—Variation of X-ray term values with atomic number 
(enlargement of part of fig. la, p. 297 ) 


shell concerned in the X-ray term. Where the slope of the graphs 
becomes flatter, the value of a must increase. This indicates the begin¬ 
ning of a stronger screening action, i.e. the incorporation of the new 
electron in a shell nearer the shell under consideration. Where a graph 
runs horizontally, the effect of unit increase of Z must be completely 
compensated by the screening effect of the newly-added electron (i.e. 
Z — a = constant), which means that this electron must take up a 
( b 067 ) 21 
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place in a shell which is nearer the nucleus than the shell under con¬ 
sideration, Inspection of the shapes of the graphs shows clearly that 
discontinuities occur at the boundaries of the groups of elements 
21-28, 39-46, and 58-72. Whereas in the remaining elements the 
electrons added in the building process take up positions in an outer 
shell, in the elements of these groups the added electrons clearly go 
into an inner shell. These latter elements are precisely those which 
are known to show variable valency and variable chemical relation¬ 
ships. From the magnitude of the change of slope of the individual 
graphs it is possible to deduce which shell the newly-added electrons 
enter. For the group 21-28 it is the M-sliell, for the group 39-46 the 
N-shell, and for 58-72 the N-shell again (not the 0-shell, as is proved 
by the horizontal course of the 0 graphs, see fig. 14). 

The quantitative calculation of the number of electrons in the 
different shells from the screening constants presents great difficulties. 
It must be remembered that, in terms of the Bohr model, the “ outer ” 
electron orbits may have a large eccentricity and may therefore 
penetrate into the region of the inner shells. The exact calculation of 
the effect of this penetration is very difficult, though the above quali¬ 
tative conclusions remain unaffected. There is, however, another 
method by which the problem may be treated. This method, which 
was also put forward by Bohr, will be considered later (see p. 334). 

C. The Vector Model op the Atom 

5. The Atomic Structure of Hydrogen-like Elements 

Resemblance of the Alkali Metals to Hydrogen. —As has been 
mentioned on p. 210, the Bohr atomic model is not capable of providing 
a satisfactory solution of the problem of the helium atom (nucleus and 
two electrons), for which it is necessary to make use of wave mechanics 
(see p. 273). It would therefore seem at first sight hopeless to try and 
derive the behaviour of still more complicated atoms from the Bohr 
model. However, a knowledge of the periodicity of the chemical pro¬ 
perties, and the spectral and other physical properties of the elements, 
provides a means for overcoming the difficulties, at least in part. Let 
us consider the alkali metals. According to what has been said above, 
one of the electrons in an alkali metal atom occupies a peculiar position, 
in that it moves in the outer parts of the atom, whereas all the remain¬ 
ing electrons are confined to completed shells lying more or less near 
the nucleus. Hence it is permissible to make a rough model of the atom 
by supposing the single outer electron to circulate around an atomic 
“ core ’’ * whose dimensions are small relative to the dimensions of the 
outer orbit. The outer electron is generally referred to as the valency 


* Ger. Atomrumpf, 
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electron, since it is the one which takes part in chemical combination. 
The nuclear attraction on the valency electron is strongly screened by 
the electrons of the core. We see that this model is very similar to the 
Bohr model of the hydrogen atom, and we may expect to be able to 
deduce (as for hydrogen) those properties of the alkali metal atom 
which depend on the special part played by the valency electron. 

These considerations also find support from the wave-mechanical 
treatment of the problem. Unsold has shown that when all the shells 
are complete the wave-function involves only spherical functions 
depending on the radius r. Thus there are no nodal planes or nodal 
cones and the charge distribution is spherically symmetrical, as in 
the cases with I = 0 treated on p. 2G8. Now according to our model 
the singly-charged ions of the alkali metals have only completed shells, 
having lost the outer valency electron. The actual charge distribution 
for Li+ and Na*^ have been shown in fig. 13 (p. 303). The corresponding 
distribution for K+ is approximately that given for Cl“ in the same 
figure The intensity of reflec tion of X-rays from alkali halide crystals 
depends on the charge distribution in the atoms. It has been found that 
the intensities calculated from the charge distributions of fig. 13 arc 
in good accord with observation. Wave-mecihanical calculations give 
the following values for the effective radius of the outermost spherical 
‘‘ electron cloud ”, i.e. the radius of the ‘‘ core ” in the rough model 
referred to above: Li+ 0-28 A.; Na+, 0*41 A.; K+, 0*82 A.; Rb+ 1*20 A.; 
'Cs+, 1*48 A. On the other hand, the atomic radii of the neutral alkali 
metal atoms, as deduced from gas-kinetic theory and from melting- 
points and similar data, are: Na, 1*62 A.; K, T91 A. This is therefore 
the radius of the “ orbit ” of the valency electron. We see that there is 
a certain resemblance to the hydrogen atom and that the representation 
of an alkali metal atom as a one-electron system is quite well justified. 

The Vector Model. —A certain difficulty is encountered when an 
attempt is made to develop the ideas just outlined. We have seen that 
the Bohr model has shortcomings, and we therefore cannot rely on 
conclusions drawn from models of Bohr type. In order to get completely 
accurate results it is necessary to apply the wave-mechanical method. 
Unfortunately it is quite impossible to form any mental picture of the 
wave-mechanical model of a complicated system, because it has not 
been found possible to construct any representation of the wave 
functions in ordinary tliree-dimensional space. Even if such a repre¬ 
sentation were possible, it would be so complicated that it would 
be very difficult to work with. Hence it is found advantageous to 
make use of a simplified model, just as the chemist uses formula) which 
are symbols for much more comj)licated systems. The chemist writes 
his formulae in one plane; and hence in order to take account of the 
three-dimensional relationships which hold in chemical compounds it 
is necessary to ascribe to certain configurations properties which do 
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not follow from the plane symbols alone. Even a three-dimensional 
chemical formula with its spatially-directed valency bonds is only a 
greatly simplified symbol for what is probably in reality a very com¬ 
plicated system of electric and magnetic fields. The same sort of 
symbolic representation is adopted in atomic physics. The ideas of 
definite orbits and point-electrons are taken over from the Bohr 
theory, but the properties ascribed to the angular momentum vectors 
associated with these orbits and electrons are those deduced from wave 
mechanics. In this way we obtain a convenient and nevertheless exact 
representation which, though only in the nature of a symbol adopted 
so as to avoid the actual difficulties and complexities of the system, 
is of great practical use. That the symbol m.ust not be taken too literally 
is clear, for example, from the fact that all the ellipses of maximum 
eccentricity (I — 0, see p. 198) have no orbital angular momentum. 

As we shall see, the atomic model under discussion is chiefly con¬ 
cerned with the vectors associated with the different quantum numbers. 
We shall therefore refer to it as the vector model. 

Alkali-like Systems. —We shall now develop the model for alkali¬ 
like systems, i.e. those which can be regarded as consisting of a core 
and a single outer or valency electron. To this class belong Mg'^, A1++, 
&c., besides the alkali metal atoms themselves. > We must bear in mind 
the differences to be expected in such systems as compared with the 
hydrogen atom. The principal difference is that the core cannot be 
regarded as a point-charge like the hydrogen nucleus. The outer electron 
moving in its orbit (or the corresponding charge distribution in its 
pulsation) may be expected to cause a polarization of the core, i.e. a 
displacement of the charges within it. As a consequence of this, the 
force exerted by the core upon the electron at the different points of 
its orbit will not be expected to be the same as if the core were a point- 
charge. The effect will be similar to that which results from the 
variability of the mass of the electron in the hydrogen atom: the 
perihelion of the orbit will process, and the electron will trace out a 
rosette of the type illustrated in fig. 57, p. 201. In the present case, 
however, the effect is much stronger than that due to the variability 
of mass in the hydrogen atom. The angle through which the perihelion 
turns in one revolution of the electron in its orbit is much greater here. 
In orbits of large eccentricity and therefore small perihelion distance 
(or, in the wave-mechanical model, models of vibration for which I 
is small and maxima of charge density occur at small distances from 
the nucleus) it is to be expected that the electron will actually penetrate 
into the core (or, in the wave-mechanical model, that the inner maxima 
of charge density will interact strongly with the charge distribution 
of the inner ‘‘ shells '*). For the sake of simplicity the Bohr model 
will be referred to exclusively in what follows. The reader may be left 
to translate the description into ternas of the wave-mechanical model 
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in the manner indicated above, in so far as this can be done simjdy. 

It is to be expected that an electron in a 'peyietrating orbit, such as 
is represented in fig. 15, will interact very strongly with the core of 
the atom. The effective nuclear charge will be greater for such an 
orbit, i.e. the screening will be less, than for a non-penetrating orbit. 
This indicates that the fine structure, 
which in the hydrogen spectrum is due 
only to mass variability or applied 
field, must be much more marked in 
the alkali-like spectra. This may be 
expressed in terms of our model by 
saying that the elliptical orbits of Fig. 15.—Penetrating orbit with 

different eccentricity, which in the 
hydrogen atom are energetically very 

nearly equivalent, are energetically very different in the alkali-like 
atom. The question arises whether we can ascribe the s-, p-, or 
rf-states to definite orbits. Obviously the above considerations on the 
relation between orbit shape and energy will be of importance in this 
connexion. 

Effective Quantum Number and Quantum Defect. —It was shown 
on p. 277 that the alkali spectra can be represented by means of terms 
of the form ll/(n + It is not possible to deduce the value of n 
from experimental data, but only the value of (n -f- a) == n (the so- 
called effective quantum number). Hence the allocation of numerical 
values to n and a separately was considered to be arbitrary and a 
certain convention was adopted for the sake of convenience (see p. 280.) 
In the light of our atomic model, however, we can make a definite 
statement about the value of n. Using the value of n derived from 
the atomic model, we shall express the effective quantum number 
by the equation n = n — q, where q is the so-called quantum defect. 

We know from X-ray spectra that the successive shells are associated 
with the successive principal quantum numbers n in the way outlined 
on p. 295; i.e. for the K-shell, n = 1; for the L-shell, n = 2; for the 
M-shell, n = 3; &c. Accordingly the valency electron of Li must, in 
the ground state, occupy an orbit with n = 2, since the shell with 
= 1 is already filled up with two electrons. Similarly, the valency 
electron of Na must, in the ground state, occupy an orbit with n = 3, 
since the shell begun at Li is already completed at Ne. In the same 
way, the valency electron of K must occupy an orbit with n = 4, 
that of Rb an orbit with n =: 5, and that of Cs an orbit with n = 6. 

Now provided that the orbit in which the electron moves is far 
outside the atomic core, the nuclear charge Z will be so screened by 
the (Z — 1) electrons of the core that it is effectively reduced to unity 
(see p. 304). Thus for such non-penetrating orbits the energy will be 
quite similar to that for the hydrogen atom, for the electron is under 
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the influence of a nucleus of unit effective charge. The spectral term 
in question will have practically the same value as the corresponding 
hydrogen term, viz. 'R/n\ Here the quantum defect q is practically 
zero. On the other hand, orbits which approach or actually penetrate 
into the core will differ markedly from hydrogen orbits; they will 
have an effective quantum number n which is less than n, i.e. the 
quantum defect will be appreciable. That n must be smaller, and not 
larger, than n is clear from the fact that the influence of the nucleus 
on the electron over a portion of its orbit is greater than would corre¬ 
spond to unit nuclear charge, so that the orbit will resemble a hydrogen 
orbit of lower quantum number. The quantum defect q in the equation 
n — q will therefore be a positive quantity and the name “ defect ’’ 
IS justified. 

Table XXIII gives the values of the effective quantum numbers 
and quantum defects for the different alkali metals, as derived from 


Table XXIII. —Effective Quantum Numbers n and Quantum Defects q 
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the series relationships (cf. p. 279 for potassium). From the table it 
can be seen that the orbits which are nearest to hydrogen orbits (i.e. 
have the smallest j-values) are those corresponding to the /-terms. 
Then follow in order those corresponding to the d-, p-, and s-terms. 
This will therefore be the order of increasing eccentricity, for it is the 
orbits of greatest eccentricity which penetrate to the greatest extent 
into the atomic core. Bearing in mind the relationship between eccen¬ 
tricity and the quantum number I (see fig. 55, p. 200), we therefore 
arrive at the following allocation of Z-values to the different terms: 
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The same conclusions may be arrived at by considering the term 
diagram (c.g. for Cs, fig. 3, p. 281). On th e extreme right of the figure 
referred to are plotted the values of Vli/v, i.e. of the efliective quantum 
numbers, so that the deviation from the hydrogen value can be read 
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Fig. i6.—^Tenns of lithium-Hke electronic systems 


off directly for each term. The terms themselves are marked (on the 
left) with symbols in which the first number is the principal quantum 
number as derived from the atomic model. Since I cannot be greater 
than n — 1, it follows (and can be seen from the term diagram) that 
the d-terms first appear vrhen n becomes equal to 3, the /-terms when 
n becomes equal to 4, and so on. 

The spectra of other alkali-like systems also furnish evidence of the 
relevance of the discussion. Fig. 16 shows the term-values for those 
spark spectra of Be, B, and C which involve the same electronic con¬ 
figuration as neutral Li. Since in these spark spectra the frequencies 
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of the lines (and also the values of the terms) are proportional to Z^, 
it is convenient, as in the figure, to compare the values of T/Z^ instead 
of the term-values T. The values for hydrogen are shown on the right 
for purposes of comparison. The numbers beside the points are the 
respective values of n. 

6. The Fine Structure of the Alkali-like Spectra 

The Effect of Electron Spin. —The considerations outlined above 
enable us to understand the various sets of terms (5, p, c?, &c.) occurring 
in the case of the alkali metals. The spectra of these metals show a 
greater complexity, however, in that all the terms (with the exception 
of the 5-terms) are double. An explanation of this has been sought in 
terms of the spin of the electron (Uhlenbeck and Goudsmit, 1925), 
in virtue of which the electron must be regarded as having both a 
mechanical angular momentum and a magnetic moment of its own 
(see p. 209). 

To what extent can the spin of the electron affect the energy level 
of an atom? We shall first consider a system with only one electron. 
In the Bohr model, the general features of which we have adopted in 
our symbolization of the atom, the electron is supposed to be circulating 
in an orbit round the nucleus. This orbital motion is associated with 
a certain angular momentum, the value of which is measured by the 
quantum number I of p, 267 (more accurately, by Vl(l + 1); compare 
the rotator, p. 265), the unit of angular momentum being hj{ 27 r). 
This angular momentum may be represented by a vector I whose 
magnitude is an integral number of the fundamental units and whose 
direction is as indicated in fig. 58, p. 203, i.e. normal to the plane of 
the orbit in which the electron circulates. In what follows we shall 
refer to / as the orbital angular momentum vector. Now on account 
of its spin the electron has an angular momentum of its own, the 
magnitude of which is -|/i/(2Tr). We may also represent this by the 
so-called spin vector The corresponding quantum number is here i 
and is denoted * by 5 . This spin vector combines vectorially with the 
orbital angular momentum vector, giving the total angular momentum 
vector / in accordance with the vector equation 

/ == / 4. 

We may expect that the quantum number j measuring the total 
angular momentum, like other quantum numbers, will only be able to 
change by integral amounts. As we shall see below, this expectation 
is justified by the facts. 

The coupling of the orbital and spin motions of the electron may be thought 
of as follows. We know that a circulating electric charge is associated with a 


* Not to be confused with the symbol a used to denote energy levels with / - 0. 
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magnetic field in the direction of the axis of rotation. Thus the orbital circulation 
of the electron produces a magnetic field in the direction of the orbital axis (normal 
to the plane of the orbit), and similarly the spin of the electron about its own axis 
produces a magnetic field in the direction of this spin axis. Now we have seen on 
p. 204 that a magnetic field influences a circulating charge in such a way as to 
cause the axis of circulation to process about the field direction. Hence we must 
regard the orbital electron as spinning on its own axis, while at the same time 
the spin axis precesses about the orbital axis. The action is mutual, however; 
the orbital circulation is also affected by the magnetic field due to the spin. The 
mutual interaction of the two magnetic moments can be described by saying that 
the axis of orbital motion and the axis of spin both preccss around their resultant, 
the axis of total angular momentum. The electron thus lias an orbital angular 
momentum characterized by the vector / and a spin angular momentum 
characterized by the vector s, and both these vectors preccss around t-hoir 
resultant j\ 


Alkali-like Atoms. —So far we have been considering an atom with 
a single electron. ' Our ideas can at once be extended to alkali-like 
atoms. Complete shells, such as are encountered in the inert gases, 
have no resultant angular momentum. Hence the total angular 
momentum of an alkali-like 
system is derived solely 
from the valency electron, 
and we cari apply the above 
treatment directly. To each 
of the vectors /, 5, and j 
we ascribe a quantum num¬ 
ber {I, s, and j respectively) 
which can only change its 
value by integral amounts. 

The effect of the spin of 
the electron is to modify the 
total angular momentum of 
the atom and hence also its 
energy. It will readily be 
appreciated that the energy may be cither increased or diminished, 
according as the spin augments or opposes the remaining angular 
momentum of the atom. The complete calculation for a non-penetrating 
orbit gives the result that the change of energy due to the electron 
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Is cos (/, s), 


in which the constant a has the value 27re^l{hc). Thus it is necessary 
to know the value of Is cos {I, s). Now the vector 7 is the vector sum 
of / and s, i.e.j = /+ s. From the geometry of the parallelogram of 
vectors we have 


f = 12 ^ §2 ^ 2 ls cos(/, 5 ) 
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or 


Is cos (/, s) = 


Note ,—Bearing in mind the rule, justified by experimental observation, that 
the values of the quantum numbers can only change by integral amounts, we 
see at once that only the following combinations of the vectors are possible. 
The vector 5 must be either parallel or antiparallcl to /, because a = J and the 
difference between the two resulting quantum numbers, i,e. Aj in fig. 17a, must 
be integral. The two combinations give j = Z -f and j = / — a respectively, 

i.e. / + J and Z — so that Aj == 3. 

Vectors and Quantum Numbers.— 

In terms of the Bohr model the 
two possible orientations of the spin 
vector 5 (see note above) mean that 
the spin axis of the electron ,must be 
either parallel or antiparallel to the 
axis of orbital motion. The parallel 
case is illustrated diagrammatical] y 
in fig. 18. 

In terms of the wave-mechanical model the meaning is rather 



Fig. i8.—Addition of spin and 
orbital angular momentum to give 
the total angular momentum accord¬ 
ing to the Bohr model. 


different. 


Instead of the value I ^ , the magnitude of the vector / is 

JiTT 


now I / | == 1) Similarly we have in the wave-mechanical 

model I s I = Vs(s+ 1 ) and \j j = Vj(j + 1) 

The vector addition, which in the Bohr model has the form of 
fig. 17a, becomes modified in the wave-mechanical model to the form 
of fig. 176. Here again Aj = 1 but 
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In the wave-mechanical model the geometry of the vector parallelo¬ 
gram gives 

Vl(l + i) Vs(F4nL) cos(/, s) = ^[j{j + 1) — l{l + 1) — s(» + 1)]. 

As in other cases, the wave-mechanical result is in complete agreement with 
experiment. Indeed, a corresponding modification of the older result had been 
introduced as a purely empirical correction before the wave-mechanical model 
had been discovered. 


For the sake of simplicity of expression and diagrammatic repre¬ 
sentation, however, it is usual to adopt the form of vector addi¬ 
tion shown in fig. 17a. This is used purely as a symbol, just as the 
chemist uses a hexagon as a symbol for benzene, it being borne in mind 
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throughout that each of the vectors really has a magnitude of the 

wave-mcchanical form I v \ — y/\) ~~ and that the quantity 

Is cos(/, s) must really be replaced by the corresponding wave- 
mechanical quantity. 

Splitting of the Energy Levels. —The change of energy Wg due to 
the spin of the electron has the value (see above) 

= n^VmW+T) + 1) - «! + I) - »« + 1)1. 


In the case under consideration (only one electron) the only possible 
values of j are J + i Substituting these values and remem¬ 

bering that s = -I, we obtain 




IlWZ^ 

nH(i+ m + 1 ) + 2 ) 


We thus arrive at the quantitative result that each energy level 
associated with a particular value of I is split up into two levels. For 
one of these the electron spin augments the angular momentum of the 
atom; for the other it diminishes it. The energy in the former case is 
greater than in the latter, i.c. in the energy diagram the levels with 
higher j lie above those with lower j, (For exceptions see p. 333.) 
The case i = 0 is important. Here (as can be seen from the formula) 
there is only one value of W^: energy levels for which Z = 0 remain 
single. 

This can also be deduced directly from flic model. When the atom hiis no 
orbital angular momentum (/ — 0), the vector j has the magnitude and direction 
of 5 . There being no external field (an assumption that is made in all the above 
treatment), all directions in space are equivalent and there is no special direction 
for j. The energy is thus independent of the direction of the spin vex3tor i.c. 
tlie energy level is singl(‘. 


When Z 4 = 0 , the difference between the two energy levels may be 
deduced at once from the formula given above. We obtain 


AW = A Av 


nH{i + 1 )* 


Here Av is the corresponding frequency difference. If we insert the 
numerical values of the constants, the corresponding wave-number 
difference (in cm.”*^) comes out to 


AV=: 


5-82 


Z4 

nH(l+ 1 )' 


An analogous result is obtained for penetrating orbits, due account 
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being taken of the degree of screening at the different parts of the 
orbit. 

Slimming up, we may say that the theory that the observed splitting 
of the energy levels is due to electron spin gives a satisfactory explana¬ 
tion of the observed facts, in particular of the non-splitting of the 
S-terms for which I == 0. The calculated energy differences are in good 
agreement with the experimental values, both for the alkali energy 
levels with different I and n and also in a general w^ay with the spark 
spectra of other systems with alkali-like electronic configurations. 

For example, the splitting of the 3p energy level rises from 17*18 to 18S0*5 
cm.“^ as we pass through the scries Na, Mg*^ AF+, SF+, Cl®+. This 

corresponds to effective nuclear charges which are in very good agreement with 
expectation. 

'!l'he results obtained for H and H(^+ are also in accord with experiment. In 
this case it is found that the term-s])litting eflects, due on the one hand to the 
mass-variability of the electron and on the other hand to electron spin, lead to 
the coincidence of certain levels, e.g. the 2s state with j J and the 2p state 
with j = 

The observed separations in the Balmcr series are of the order of 0*3 cm.-^ 
which is in agreement with the result of calculation, due account being taken 
•of the fine structure (splitting) of the levels with w == 3, &c. 

Behaviour in a Magnetic Field. —^According to what has been said 
above, the atom may be regarded as a very complicated system of 
circulating electric charges, the different elements of which perform 
processional motions around one another. It is clear that the behaviour 
of the whole system in an external magnetic field, where we shall have 
in addition preccssional motions about the field direction, can hardly 
be treated in terms of the model, even though we adopt the simplified 
Bohr model. Fortunately it is found in most cases to be sufficient 
merely to know the quantum numbers mentioned above (p. 315) and 
to take account of the vectorial properties of the quantities with which 
they are associated. 

The effect of an external magnetic field is determined principally 
by the field strength, as compared with the strength of the field pro¬ 
duced in the interior of the atom by the motions of the constituent 
charges themselves. The processional velocity is proportional to the 
field strength producing it. Consequently, if the external field strength 
is small in comparison with the internal, the precession of / and 5 
around one another will be much faster than the precession around the 
direction of the external field. In this case there is still a physical 
significance in compounding / and 5 to give the resultant angular 
momentum vector J, and then considering the precession otj around 
the field direction. 

If, on the other hand, the external field strength is large in comparison 
with the internal, then both / and ^ precess very rapidly around the 
field direction and have to be considered independently. It is possible 
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to decide in the following way which of these two states of affairs is 
realized in a given case. The frequency of precession is given directly 
by the frequency difference between the energy levels with and without 
the field. The doublet separation gives directly the frequency of 
precession of I and ^ around j. If the application of the external 
field causes a splitting of the energy levels (p. 203) which is small 
compared with the doublet separation in the absence of the field, 
then we have the first state of affairs referred to aljove: the behaviour 
in presence of the field can be interpreted as due to the precession of 
j around the field direction. This is the so-called (anomalous) Zeeman 
effect. If, on the other hand, the applied field is so strong that the 
splitting it causes is large compared with the field-free doublet separa¬ 
tion, then the vectory loses its physical significance and it is necessary 
to consider the behaviour of I and 5 separately. This is the Paschen- 
Back effect. These two states of affairs arc, of course, limiting cases. 
In between them lie intermediate sets of conditions which participate 
to some extent in the characteristics of both extremes. 

Wc shall first consider the case of weak external magnetic lields 
(Zeeman effect). The magnetic behaviour of the atom is determined 
by its magnetic moment. According to p. 208, the magnetic moment 
associated wfith the orbital motion is //x^, w’herc /Xq stands for the 
magneton eA/(47rmc). The magnetic moment possessed by the electron 
on account of its spin is one magneton. Since b = we may wrrite 
/Xg = 25/X(,. Thus the ratio of magnetic moment to aTigulq.r momentum 
is twice as great for the spin of the electron as for its orbital motion 
(see p. 209). (For reference to this in connexion with the experiments 
of Barnett and Einstein and de Haas, see Vol. Ill, p. 446.) The total 
magnetic moment of the atom (assumed to be a one-electron or alkali¬ 
like system) is obtained by combination of the orbital moment and 
the spin moment. Both of these, howTver, process around y. We may 
resolve the individual moments into components in the direction of j 
and at right angles to this direction. Because of the precession of 
I OT s around y, the components at right angles to j rotate around j 
and continually alter their directions. Hence their time average is 
zero (provided there is no external field or only a weak external field). 
Ify were produced simply by a circulatory current, the total magnetic 
moment would be jfx^. Owing to the contribution of the spin and the 
consequent precessional motions, however, the total magnetic moment 
is jgfJLQ."^ This is equal to the sum of the resolved parts of the com¬ 
ponent moments in the direction ofy, i.e. we have 

jgi^o = cos(/,y) -f 2 cos(^,y)]/xo. 

♦ The factor g is often referred to as LandIi’s splitting factor, from Lafd:6 , who 
discovered the correct formula for g empirically and gave a classical calculation leading 
to a similar result. 
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Inserting the values for the cosine terms (see p, 314), we obtain for g 
the value 


^ ^ 2j(j+l) 


Thus the atom may be regarded as a magnetic spinning top with 
the magnetic moment jg^iQ and the mechanical angular momentum 

j ^ . The factor g may be greater than imity, since the magnetic 
Ztt 

moment of the spinning electron is twice as great as that for a circu¬ 
latory current of the same mechanical angular momentum. 

We can now at onoe understand the behaviour of the silver atoms in the 
Stern-Geiilach experiment (p. 207). The silver atom has an alknli-liho structure 
(pp. 4 and 342). As for all alJiali-iike atoms, the ground state has Z — 0 (i.e. the 
lowest term is an S-term), and therefore^' has tlie value J. Consequently we must 
expect the orientations in the magnetic field to be as shown in lig. 03, p. 205, for 
half-integral j-values. The experimentally-observed splitting into two in the 
magnetic field (see figs. 05 and 66. p. 207) and the complete absence of a trace 
corresponding to undeflected atoms arc well explained by the above argument. 
The measured value of tlu^ magnetic moment (one magneton) indicates that v e 
must indeed ascribe this value to the electron spin. 

As explained on p. 203, the number of possible orientations of the 
vector y in the magnetic field is finite and equal to (2j + 1). We will 
characterize by the so-called magnetic quantum number m the pro¬ 
jection of the vector y on the direction of the applied flclj. The pre- 
cessional energy (calculated in the way described on p. 204) is then 

w„ = mgnoH. = mgL. 

Here L = iu-qH is called the Lorentz unit. This theory is successful in 
accounting very exactly for the observed Zeeman effects of the alkalis. 
It makes it clear why the so-called normal triplet splitting is not fomid 
with these atoms (see fig. 20, p. 319). 

The Paschen-Back Effect. —When the external magnetic field is 
made very strong, each of the vectors / and 5 separately takes up 
certain possible orientations relative to the field direction. In the case 
of 5 there are two possible orientations, characterized by the quantum 
numbers In the case of I there are (21 -f 1) possible orienta¬ 

tions, characterized by the quantum number m^, which may have any 
integral value from —I to Since the ratio of magnetic moment 
to angular momentum is twice as great for s as for Z, the precessional 
velocity of ^ is twice as great as that of /. 

The different energy states of the atom are here given by the sums 
of the magnetic energies and the energy of interaction of ^ and /. 
The former are W^^ = and W^^ = The latter is of 

the form given on p. 313, but in consequence of the separate precessions 
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of I and ^ around the field direction the average value of cos(/, s) 
is equal to cos(/, H) 003(5*, H), so that Is cos(/, s) = The total 



Fig. tg .—Splitting of the D lines of sodium by an applied magnetic field 
On the left, no field; centre, weak field. On the right, strong field. 

energy of the atom (relative to the energy in the absence of an cappliod 
field) may therefore be written Wpu == (m^ + 2ms + 
aWi7n^)lJiJS.. The subscript PB stands for Pas- 
chen-Back. Thus in strong fields the energy levels 
are quite different from those in weak fudds. 

Hence the splitting patterns of the spectral lines 
are different in the two cases; for the lines are 
due to transitions between the energy levels (sec 
figs. 19 and 20). As indicated in fig. 19, a gradual 
change-over from the one type of pattern to the 
other can be achieved by gradually increasing the 
strength of the applied field. 

An important })oint is that the princij^al quan¬ 
tum number n, being a scalar, docs not occur in 
the formulae for the influence of the field. Hence 
it follows that the type of Zeeman effect must be 
the same for all the lines of a series. This furnishes very valuable 
fissistance in the search for series relationships. It is also important 
that the number of energy levels is the same (namely il + 2) for 


;i 

u 



Fig. 20.—.SpJitting 
of the D lines of 
sodium in a weak 
magneiic field. 

[From B.ick-Landd, 
Zeeman-Effekt (Sprin¬ 
ger, Berlin).] 
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weak and strong fields. This can easily be seen by working out tbe 
possibilities. 

7. Possible Atomic States. Selection Rules 

Designation of Atomic States. —The quantum numbers n, j and 
m hitherto used refer to the states of a single electron. In designating 
the state of the electron it is customary to use, instead of the number I, 
the corresponding letter 5, p, d, &c., ascribed to the Z-value in accordance 
with the scheme given on p. 311. Thus, for example, 4d denotes an 
electron state in which the electron moves in an orbit with principal 
quantum number n = 4 and with an orbital angular momentum corre¬ 
sponding to Z= 2, i.e. I /1 = ^2(2 -f- 1) In the case of atoms 

with only one electron, the state of the whole atom is thereby defined; 
if the one electron has the quantum numbers j and Z, the total and 
orbital angular momenta of the \vhole atom have values corresponding 
to these numbers respectively. 

In the case of atoms with more than one electron the total and 
orbital angular momenta of the whole atom are quite different from 
those of the individual electrons, for the contributions of these electrons 
may combine together in quite different ways according to the par¬ 
ticular electronic configuration. It therefore becomes necessary to 
distinguish between those quantities w^hich apply to the whole atom 
and those wdiich apply to the individual electrons. It is customary to 
use capital letters to denote the quantities describing the atom as a whole.’*' 
Thus the term symbol F denotes an atomic state in which the vector 
sum of all the orbital angular momenta of the individual electrons is 

given by jL| = V^(3+ 1) A, i.e. in which the total orbital quantum 
number is L = 3. 

All that we have to do, therefore, is to replace the small letters 
used for atoms with one electron by capital letters. It is further 
customary to denote the multiplicity of a state by the appropriate 
number written as a superscript in front of the letter indicating the 
value of L. This is done even for S-states (which according to p. 312 
are all single), in order to make their membership of a certain multiplet 
system of terms clear. For with atoms having more than one electron 
there are several systems with different term multiplicities; for example, 
the alkaline earths (fig. 4, p. 283) have a singlet system and a triplet 
system. Then the total angular momentum quantum number is written 

* According to this convention, the vector sum of the spin angular momentum 
vectors of the individual vectors would bo described by a quantum number S. In order 
to prevent confusion with the term symbol S (denoting a term with total orbital angular 
momentum number L « 0), the total spin number is denoted in this book by the 
symbol S. 
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as a subscript after the main term symbol. For instance, (which 
is read: doublet P three-halves) denotes an atomic state belonging to 
a doublet system (this is connected with the orientation of the spin 
vectors (p. 312)), the vector sum of the individual orbital angular 
momenta having the quantum number L = 1 (since the state is 
a P-state), and the total angular momentum having the quantum 
number 

In the alkali metal atoms (and in alkali-like atoms) the state of 
the atom as a whole is determined by the state of the single valency 
electron only. 

The total orbital angular momentum of a complete shell, such as is found in 
the inert gases, is in the ground state given by L ~ 0. As will be shown later 
(p. .333). the spin vectors of the individual electrons orient themselves in such 
a way that the total angular momentum is also given by J ™ 0. Hence the 
ground state of the Na atom must be a 4^81 state; for the term diagram shows 
that the lowest level of the valency electron is 4a*. The orbital angular momen¬ 
tum is zero, because that of the atomic core is zero and that of the valency electron 
in its s-state (I — 0) is also zero (p. 311). The total angular momentum quantum 
number, which here is due only to the spin of the valency electron, is J = J*. 
The terra belongs to a doublet system. 

Table XXIV gives the possible excited states which can be assumed by an 
atom with one electron (or by an alkali-likc atom), inclusive of the various possible 
spatial orientations relative to an applied magnetic Held of not too great strength. 

Selection Rules.—On several previous occasions (e.g. pp. 196 and 
285) it has been remarked that under ordinary conditions of excitation 
all the conceivable combinations of energy levels do not appear as 
spectral lines, i.e. that transitions from one energy level to every other 
energy level by absorption or emission of radiation are not possible. 
It is found that the transitions which are possible are determined by 
quite simple selection rules invohdng the quantum numbers which 
characterize the states in question. The following rules for one-electron 
or alkali-like systems may be derived from the experimental data: 

1. The change of the principal quantum number n is not subject 
to any restriction, but the probability of a transition from the state 
no to the state becomes smaller with increase of An = ng — %. 
This is an expression of the fact that the intensity of the lines of a series 
falls off progressively as we pass towards higher members of the series. 

2. As regards the change of the orbital angular momentum quan¬ 
tum number Z, only those lines are observed for which I changes by 
+ 1 or —1, i.e. AZ= +1. Thus imder normal conditions (absence of 
strong external fields) an atomic state characterized in the wave- 
mcchanical model by a certain wave function can only pass over into 
a state characterized by a wave function with the next proper value. 

3. Only those lines are observed for which the total angular mo- 
mentiun quantum number j either does not change or changes by 
+ 1 or — 1. If the initial state has j = 0, then the transition to a final 

(fififiT) 22 



Table XXIV.— Possible States of a One-electron System 
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state having j=0 is forbidden. The selection rules may here be 
written Aj = 0 or +1; 0-^0 forbidden. 

4. Only those lines are observed for which the magnetic quantum 
number m either does not change or changes by +1 or —1, i.e. Am == 0 
or +1. 

5. In the presence of very strong magnetic fields, the magnetic 
quantum number of the orbital angular momentum either does not 
change or changes by +1 or —1, i.e. Ami = 0 or +1. The magnetic 
quantum number of the spin in general remains unchanged, i.e. 
Am-s = 0 . 

These selection rules furnish extremely important assistance in the 
allocation of observed spectral series to the proper -quantum numbers; 
for in complicated spectra it is a difficult matter to determine relation¬ 
ships between frequencies of series limits, &c., such as hold for the 
alkali spectra. For the extension of the rules to atoms with more 
than one electron, see p. 330. It is important to note that transitions 
which contravene the rules are sometimes observed; but the intensities 
of such lines are usually very small in comparison with the normal 
lines. 

lii’ecble lines of this kind, which contravene the selection rules, are found 
particularly in absorption spectra under favourable conditions of observation. 
Further, the above selection rules also lose their strict validity in the presence 
of strong applied fields. Thus in intense electric fields lines can be observed 
for which A/ = 2. As an example we may mention the scries 2^S — and 
2 ^S — m^D observed by Stark under the influence of a strong electric field. 
On the other hand, the selection rule for j is not affected by strong electric fields, 
though in strong magnetic fields deviations are observable. 

Considerations of the kind put forward on p. 196 make it possible to 
understand in terms of Bohr’s coiTe.spondence principle why AL is normally 
not greater than 1; for the harmonics do not occur in the Fourier analysis of the 
orbital motion. The presence of external fields causes a non-uniform precession 
of the orbit, so that harmonics occur in the Fourier analysis and the observed 
transitions wi'.h Ai > 1 under these circumstances become intelligible. The 
vector y has the property of being the axis around wliich the vector / (i.e. the 
axis of the orbital motion in the Bohr model) precesses. Since the precession of I 
around j is uniform, only the coefficients -f 1 and — 1 occur in the Fouiier analysis 
for the projection as seen in the direction of y. In the projection on the direction 
of y there is no periodic motion at all: the coefficients are zero. The three corre¬ 
sponding transitions are therefore Aj = 0, ±1. Since the precession is disturbed 
by strong magnetic fields, values of Aj corresponding to harmonics are in these 
circumstances possible. 

Analogous considerations also hold (see p. 205) for the magnetic quantum 
numbers. 

The selection rule for the total angular momentum can also be derived from 
consideration of the interaction between the radiation and the atom, if wo 
make use of the fact that the angular momentum must be conserved for the 
whole system, atom -b radiation field. Examples of the fulfilment of the selection 
‘rules may be sought in the term diagrams, e.g in figs. 3-7 (pp. 281 to 288). 
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8. Atoms with More than One Electron 

The purpose of a model of an atom with more than one electron ia 
clearly to account for the behaviour of the whole atom in terms of 
the individual electrons—the arrangement of their orbits or their 
charge distribution, their number, the directions of their spins and the 
interactions of the various quantities associated with them. Since even 
for one electron the various precessional motions make the conditions 
very complicated, a direct representation of the motions in atoms of 
complex structure is impracticable, even though the simplified Bohr 
model is adopted. However, the vector model still allows of deductions 
(at least so far as the multiplicities of the atomic states are concerned) 
which lead to a consistent explanation of the observed properties 
(spectral linos, spectral behaviour in a magnetic field, magnetic pro¬ 
perties, chemical properties, &c.). 

Systems with Two Electrons. —First of all we shall consider a 
system with two valency electrons, e.g. the helium atom or (as we 
explained above) an alkaline earth atom such as calcium. What 
multiplicities of the electronic configuration are possible? Take first 
the mean distance from the nucleus, i.e. the principal quantum number. 
In the ground state the electrons occupy orbits with the smallest 
possible quantum number n. In each of the two cases quoted as 
examples above the chemical properties and position in the periodic 
table indicate that the two electrons are practically equivalent, so that 
in He both have n “ 1 and in Ca both have n = 3. What happens 
when the atom is excited? Do both the electrons take up energy and 
move in orbits of higher n, or is the excitation energy always concen¬ 
trated on one electron? As will be appreciated from the subsequent 
discussion, consideration of the spectra shows that in general (even in 
still more complicated atoms) the energy given out or taken in in a 
transition is emitted or absorbed by one electron only, i.e. only one 
electron changes its state in the process giving rise to a spectral line. 
Cases do, however, occur (actually observed for the alkaline eartlis) 
in which both electrons change their states simultaneously, so that 
the hv value of the emitted line is the sum of the energy changes of 
the two electrons, i.e. the energy change of the whole atom. Excitation 
of the atom by stages gives every possible state of simultaneous excita¬ 
tion of both electrons, except for one special restriction which will 
be discussed on p. 333. 

Bearing this restriction in mind, we consider two electrons occupy¬ 
ing orbits with different principal quantum numbers n. Suppose that 
both the orbits have Z = 0: or in other words (introducing the nomen¬ 
clature used for the alkali spectra), suppose that both electrons are in 
^-states (so-called s-electrons). 'V^at are the possible arrangements? 
Since both orbits are without angular momentum, all mutual orienta- 
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tions of the orbits are equivalent. We are left with the possibilities of 
orientation of the spin vectors. In the case under consideration the 
total angular momentum is due entirely to the spins: wo have 5 ^= 52 = h 
and jf must be either 1 or 0. In the simple vector model the value ^ 1 
corresponds to similarly directed spins, the value j = 0 to oppositely 
directed spins (see fig. 21a). Thus only two atomic states are to be 
expected. 

Note ,—The wave-mechanical value of the magnitude of the spin vector is 
1 ^ I =r V5(5 + instead of s (compare p. 314). Hence the composition 


of similarly directed or “ parallel ” spins is in reality as shown in fig. 216 instead 
of as shown in fig. 21a. However, we adopt the 

convention of symbols explained on p. 314 and |v 

for simplicity describe the system in terms of 

fig. 21a, using |5|— 5 ^^. This symbolic re- S, \ 

Ltt " S } 

presentation may be interpreted at any stage 4 ^ / 

by inserting the wave-mechanical values. j 5^ Sj S, S 2 ^'S/ 

We now consider a system in which "—'-" '-^-' 

only one electron is in an s-statc (i.c. Kil ...-Combination of .he 
Zj =:^ 0), the other being in a state with spins of two electrons: 

some other Z-value. The atomic state a, when 1 vi - 

• ,1 1 i • 1 1 7 1 when, as according to 

IS thus charact(;rizod by — 0, ^2, and wavc-medianics, 

Zg. Before we can decide about the pos- I vi = vroT+T). 

sibilities we must inquire into the nature 

of the interactions between the different vectors. Must we take account 


(as in the one-electron system) of the coupling between the orbital and 
spin angular momenta of the second electron, neglecting the effect of 
the first electron? Or is the coupling between the two spins the pre¬ 
dominant factor? A decision between these alternatives can be obtained 


from the spectra of atoms with two valency electrons. For this purpose 
we consider the difference in energy between corresponding states with 
different term multiplicities. If this difference is smaller than (or at 
most of the same order as) the difference due to reversal of spin relative 
to orbital angular momentum (e.g. the difference between the sodium 
D lines), then the first alternative is realized. If, on the other hand, 
the difference is larger than that due to reversal of spin relative to 
orbital angular momentum (see the formula, p. 315), then the second 
alternative is realized, i.e. the coupling between the spins of the two 
electrons is stronger than the coupling between the spin and the 
orbital motion of the second electron. Actually the positions of the 
terms of helium (fig. 6, p. 286) show that this latter state of affairs is 
the true one (see b^elow). Thus the spin of the first electron has an 
effect upon the second like the Paschen-Back effect observed in a 
very strong magnetic field: the spin vector ^2 behaves as if 4 did not 
exist. The spin vectors and ^2 t^^th precess around the direction of 
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their resultant, which we will denote by S and call the resultant spin 
vector of the atom. The corresponding quantum number will be 
written S (see footnote to p. 320). 

Adopting the notation referred to on p. 320, we denote by capital 
letters all the quantities which refer to the atom as a whole. Thus the 
total angular momentum J of the atom is the resultant of the vectors 
L and S, which are themselves the resultant orbital and spin angular 
momenta respectively of the whole atom. In the particular case at 
present imder discussion L = 4 . 

In a two-electron system 2 may have either of the values 0 or 1 
(antiparallel or parallel spins). When the spins are antiparallel, there 
is in our case only one value of J, namely Zg. When the spins are parallel, 
J may have the values + 1, and — Hence we may expect 
a singlet and a triplet system. In helium the electronic configuration 
under discussion (i.e. Zj = 0) is actually realized (for the proof of this 
—from the term relationships—sec below), and a singlet and a triplet 
system are in fact observed (fig. 6, p. 28G). The energy differences 
between corresponding levels (equal principal quantum number and 
equal orbital angular momenta) are, as may be seen from fig, 6, p. 286, 
much greater than the differences between the three components of a 
triplet term. This constitutes the experimental justification for the 
above assumption of a very strong coupling of the two spins. 

This strong coupling cannot be explained by classical considerations; 
at most an effect of the same order as the coupling of spin and orbital 
angular momentum would be expected. The real reason lies in the 
wave-mechanical resonance mentioned on p. 274. The conditions 
outlined above for helium formed the experimental clue by which 
Heisenberg was led to the discovery of the phenomenon of wave- 
mechanical resonance. 

When the two electrons have the I values Z^ and Zg, these combine 
to give a resultant L whose value may range from j Z^ — Zg | to Z^ -j- Zg. 
The resultant spin number 2 may again be either 0 or 1. For 2 = 0 
we have J = L, i.e. all the L-states are single. For 2 = 1 we have 
J = L -f 1, L or L —- 1, i.e. the L-states are triple, except when 
L = 0 (S-state); for if L = 0 the spin 2 can have no special orientation 
and J = 2. Of course since J is the total angular momentum of the 
atom, its value must be either positive or zero. 

We may now briefly consider the possible states which may arise 
when two electrons are present. Take, for example, the case where 
one electron is a y-electron (Z^ = I) and the other is a cZ-electron (Zg = 2). 
In the first place we have to distinguish between two sorts of states, 
singlet and triplet. These correspond respectively to antiparallel and 
parallel electron spins. Consider first the singlet states, for which 
2 0. If the orbital circulation of the j>-electron is exactly opposed 

to that of the ^-electron, we have L = 3 — 2 = 1 . Since 2 — 0, 
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J = 1 , The atom is in a (singlet-P-one) state. If the two orbital 
angular momentum vectors are so inclined to one another that L = 2 , 
we have J == 2 , and the state is If the two orbital angular momen¬ 
tum vectors are parallel (for the wave-mechanical meaning of ‘‘ parallel ’’ 
see fig. 216 , p. 325), we have L= 2 -fl = 3, J—3, and the state 
is 1 F 3 . 

Now consider the states with parallel spins, for which S = 1 . Take 
the case where the orbital angular momenta are antiparallel, i.e. 
L = 3 — 2 == 1 . There are now three possibilities: the resultant spin 
vector may combine with L to give J == 0 , 1, or 2. The first of these 
possibilities is realized when the resultant spin vector is antiparallel 
to L, i.e. in the Bohr model when the spins of both electrons are anti¬ 
parallel to the orbital angular momentum of the (^-electron. This 
gives one of the three components of a triplet state, namely ^P^. The 
second component (J == 1 ) is denoted by ^P^. The third component 
(J = 2 ) is realized when the resultant spin vector is parallel to L, i.e. 
in the Bohr model when the spins of both electrons are parallel to the 
orbital angular momentum of the d-electron. This component is ^Pg. 
Similar considerations hold for other values of L. If the two orbital 
angular moment?, are so inclined as to give L = 2 , we get three D-states, 
viz. and Finally, if the two orbital angular momenta are 

parallel (L — 3), we get three F-states, namely, ^Fg, ^Fg, and In 
the state ‘^F 4 the two spins and the two orbital angular momenta are 
all parallel. For the energies of the different states see p. 330. 

The above symbols are not sufficient to determine the states of the 
atom completely, for they tell us nothing about the principal quantum 
numbers n of the electrons. These are quite unrestricted. Hence in 
order to describe a given excited state completely it is necessary to 
state the principal quantum number of each electron. This is done by 
writing the states of the individual electrons before the main symbol. 
Suppose that in the above example the j?-electron of the excited helium 
atom occupies an orbit with n = 2 and the rf-electron an orbit with 
w = 3. The ^F^ state is then written 2 p . 3d. ^F 4 . If two electrons 
have the same n, a superscript 2 is wTitten after the letter denoting 
the lvalue. For example, two electrons with n=\ and I = 0 would 
be written 

Using the S 3 niibol (A) to denote the 18 electrons forming the 
completed shells of argon, the symbol for the ground state of Ca 
(20 electrons) may be written (A). 45 ^ . 

Atoms with More than Two Valency Electrons, —^We simply have to 
extend the scheme given above for two electrons. Here again the 
most important question is that of the interaction or coupling between 
the spins and orbital angular momenta of the different electrons. 
The majority of spectra hitherto investigated indicate, as in the two- 
electron case, a strong coupling between the individual spin vectors 
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on the one hand and between the individual orbital angular momen¬ 
tum vectors on the other hand. Hence the state of the atom may 
be characterized by a resultant spin vector S (corresponding quantum 
number S) and a resultant orbital angular momentum vector L (corre¬ 
sponding quantum number L) which combine to give a total angular 
momentum J (corresponding quantum number J). This type of 
interaction, called Russell-Saunders coupling, may be symbolized thus: 
{(•Sj, S 2 , ...), (/j, /2, I 2 • • •)} ^ (S) L) = J. 

Under certain circumstances, however, the coupling between the 
spins of the electrons and their orbital angular momenta may even 
be stronger than that between the spins themselves. In the extreme 
case the individual electrons behave as if there were no mutual inter¬ 
action between them. If this is so, each electron may be considered 
separately (as on p. 312 for a single electron), and its contributiony,- to 
the total angular momentum may be obtained by combination of its 
individual Si and 1^, The vector sum of all these individual contri¬ 
butions j\ then gives the total angular momentum J. This may be 
symbolized thus: {(Si, /,), 4 ). (-^ 3 , 4 ) • • •} = ijvj\ is. •■•)== 4 

and the phenomenon is called jy-coupling. It occurs, for example, in 
connexion with X-ray spectra and the spectra of the heavier atoms. 
The two types of coupling mentioned above are limiting types, between 
which the whole range of intermediate types may occur. Except in 
the extreme cases, however, the treatment of the problem is very 
difficult. 

9. Term Multiplicities 

The empirical facts of the doublet nature of all the terms (except 
the S-terms) of alkali-like systems and of the singlet and triplet nature 
of all the terms (in the latter case, with the exception of the S-terms) 
of the alkaline earth atoms are explained as due to the different possible 
orientations of electron spin, either relative to orbital angular momen¬ 
tum or to another electron spin. According to this explanation, each 
energy level of given orbital angular momentum is split up into a 
number of multiplet components equal to the number of possible 
orientations. This number is referred to as the multiplicity of the term. 
In general the resultant spin quantum number S can have the values 
(i ^i)- For three electrons, for example, we have 2 = J or |; for four 

electrons, 2 = 0, 1, or 2. If 2 = 2, there are five possible orientations 
giving integral values of J for each value of L > 2. Hence each of the 
terms with L > 2 is split up into five components of slightly differing 
energies: we have a so-called quintet term. Even for complicated 
atoms the S-states must always be single; for here L = 0 and the 
total angular momentum of the atom is due entirely to the resultant 
of the spins, for which all orientations are equivalent. By investigating 
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a few examples it is easily seen that in general J can have all values 
from I L — S 1 up to | L H- S |, successive J-values differing of course 
by unity. It is also easily seen that the rmximum multiplicity r for a 
given value 2 is r == 2S + 1 . This maximum multiplicity is included 
in the term symbol even for those terms whose L-values do not permit 
of the attainment of the maximum (see the remark on the S-terms, 
p. 320). For example, in a quintet system (2 = 2) the ^So term is 
single and the term only triple (^Pj, ^P 2 , ^P.^). Not until do the 
terms actually become quintets. The reader is recommended to 
practice applying these ideas by working out examples in detail, draw¬ 
ing the vectors if necessary. From the multiplicity r which is always 
given in the symbol of a term it is always possible to deduce the 
resultant spin quantum number 2 from the relation 2 = |-(r — 1 ). 

We see, therefore, that the occurrence of the doublet and quartet 
systems in the third group of the periodic table (compare Table XXI, 
p. 299) is due to the presence of the three valency electrons. For here 
the values of 2 are 5 or §, whence r = 22 + 1 = 2 or 4. In general 
the above relationships show that an even number of valency electrons 
corresponds to an odd term multiplicity and an odd number of valency 
electrons corresponds to an even term multiplicity. Moreover, it 
follows that the term multiplicities of the successive spark spectra of 
a given element must show an alternation between odd and even, 
because one valency electron is lost on passing from each stage of 
ionization to the next. Table XXV gives the multiplicities actually 
observed in the successive stages of ionization of chlorine. 


Table XXV.— Term MuLTiPLicrriES m the Successive 
Spark Spectra of Chlorine 


Ion 

a»+ 

CP+ 

CP+ 

C1+++ 

C1++ 

C1+ 

Number of) 
Electrons / 

11 = 2 + 8+1 

j 

12 

13 

14 

15 

16 

Multiplicity 

doublet 

singlet 

triplet 

doublet 

quartet 

singlet 

triplet 

doublet 

quartet 

singlet 

triplet 


Here we cannot discuss in full how the theory accounts for even the 
finest details of the splitting of lines in magnetic fields and of the 
multiplet structure of lines. This will become evident from the examples 
which will be encountered from time to time. It may be remarked 
here that, though the energy state of an atom is uniquely determined 
by the arrangement of the spins and orbital motions of all its electrons, 
yet in complicated cases it is not possible to deduce this arrangement 
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uniquely from the knowledge of the energy state. Thus, for example, 
for Gd+++ there are ten possible arrangements of the vectors which 
may give a term. 

Selection Rules. —The rules given on p. 321 for one electron still 
hold good for the corresponding quantum numbers L, 2, and J of a 
system with more than one electron. Since, however, two electrons 
may take part simultaneously in a process which gives rise to a spectrum 
line, the case AL = 0 is possible in addition to AL == +1- When two 
electrons are involved in this way, AZj = +1 for the first and (as was 
shown by Heisenberg) AZg == 0 or +2 for the second. Usually 2 does 
not change in a spontaneous transition. This corresponds to the fact, 
already mentioned on p. 285, that transitions between singlet and 
triplet systems (and the like) occur very seldom. If, however, the inter¬ 
action between S and L is large (as is the case, for example, in the more 
complicated atoms), then changes of 2 may occur. Thus in the case of 
Hg (see the term diagram on p. 284) these transitions between terms 
belonging to systems of different multiplicities are very frequent and 
the corresponding spectrum lines are fairly intense. 

Relative Positions of the Terms. —As regards the relative positions 
of the terms for a given set of values of n and I, a good general idea 
can be obtained in many cases with the help of the following rules, 
which were discovered by Slater and Hgnd: 

1 . The more nearly similar the spin directions, the lower is the term 
(i.e. the energy) of the atom. Thus the terms of higher multiplicity lie 
lower than the corresponding terms of lower multiplicity. (See, for 
example, figs. 4 and 5, pp. 283 and 284.) 

2 . The more nearly similar the directions of the orbital angular 
momentum vectors, the lower is the term of the atom. Thus amongst 
the terms of a given multiplicity, those with larger L usually lie lower 
than those with smaller L (see %. 3, p. 281, and fig. 7, p. 288). In 
this connexion it must be remembered that the rule only applies to 
terms with the same electronic configuration as regards n and I, The 
rule does not hold for helium, as is seen from fig. 6, p. 286. 

3. The more nearly similar the directions of the spin and orbital 
angular momentum veqtors, the higher is the term of the atom. Thus 
terms with smaller J lie lower than those with larger J. This rule does 
not hold, however, unless the outermost electron group is less than 
half completed (see p. 333). Otherwise the rule is reversed and the 
term positions are said to be inverted. Inversion is met with in X-ray 
spectra. 

10. The Pauli Exclusion Principle 

The properties of helium show that both its electrons are in the l5 
state, so that the formula (ground state) is Is®. S. The S-term would 
be expected to have two values, according as the spins of the two 
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electrons are parallel or antiparallel; and the two values should not 
lie very far apart. Inspection of the term diagram shows, however, 
that there is only one S-term in the neighbourhood of the ground 
state. This is the term, corresponding to the electronic configura¬ 
tion in which the two spins are antiparallel. The configuration in 
which the spins are parallel does not exist, A similar state of affairs is 
found in other cases. Considerations of this kind led to the formulation 
of an empirical rule—the so-called exclusion principle (Fault, 1925) 
—which has proved extremely fruitful. The exclusion principle (also 
called the Fault principle) may be expressed as follows: 

It is impossible for two electrons in an atom to be identical as regards 
all their quantum numbers. 

The application of this principle requires a certain amount of consideration. 
In most cases the coupling between the electrons is so strong that only the quantum 
numbers n and I can be ascribed to the individual electrons, the state of the atom 
as a whole being characterized by L and J. In order to bring out the individuality 
of the electrons, it is necessary to imagine such a strong magnetic field applied 
to the system that (in accordance with p. 318) the coupling between the electrons 
is overcome. The state of any particular electron can then bo described by the 
quantum numbers w, /, and If the coupling between spin and orbital 
angular momentum is not overcome, the numbers a, I, j, and m must be used. 

The non-existeuce of the PS sLate of orthohelium can accordingly 
be explained as follows. lln = 1 and Z = 0, then in a strong field the 
only possible value of nii is zero; but wi, can have the values +|. 
Thus there are only two possible sets of the four quantum numbers 
when n == 1 and I = 0. Hence with two electrons there can only be 
one possible atomic state, namely, that in which one electron has one 
of the sets of numbers and the other has the other set. The two 
electrons are then respectively characterized as follows: (1) w = 1, 
Z =: 0, = 0, = +1, and (2) n — 1, 1= 0, ”0, 

The two spins are antiparallel. No other state of the atom is 
possible for w = 1 and I = 0; for parallel spins are excluded by the 
Pauli principle. 

Further, it is clear that two is the maximum number of electrons 
with n = 1, Z = 0 which the atom can have; for a greater number 
would mean that two (or more) would necessarily be identical as 
regards all their quantum numbers, which would violate the Pauli 
principle. The whole periodic table and with it the whole of the chemical 
relationships of the elements follow from considerations of this kind 
(see p. 334 et seq.). Table XXVI gives the possible states for different 
values of n and Z up to n = 4. This table gives the same number of 
possible states as Table XXIV (p. 322), in accordance with the fact 
(p. 319) that the number of energy levels is the same in a weak magnetic 
field as in a strong magnetic field and therefore does not depend upon 
the nature of the coupling. 
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Limitation of Term Multiplicity by the Exclusion Principle.—In 

consequence of the exclusion principle, the multiplicity of terms cannot 
always attain the maximum which would otherwise be expected from 
the number of electrons involved. Let us take the case of an atom 
with six electrons in the L-sliell (i.e. n = 2). At first sight we should 
expect that the maximum term multiplicity r would be 7, for if all 
tlui six spins were similarly directed we should have S = 3 and there¬ 
fore r = 2X + 1 = 7. This arrangement of spins, however, cannot 
occur. Reference to Table XXVI shows that in the L-shell (n = 2) 
only four electrons can have similarly directed spins (same sign of 
Hence two of the six electrons must necessarily have their spins directed 
oppositely to the other four. The maximum value of S is therefore 
(4 X J — 2 X ^) = 1, from which it follows that the maximum term 
multiplicity is r = 2S -f 1 = 3. This is in agreement with observation: 
the highest term multiplicity is triplet. We easily see that the term 
multiplicity only rises to the point at which the number of electrons 
just half fills the group in question. Thereafter, further increase of the 
number of electrons causes H to decrease until the value S = 0 is 
reached for each completed group and the term multiplicity in the 
ground state becomes singlet. Thus as a group is gradually filled by 
addition of successive electrons, the term multiplicity first rises and 
then falls, the variations being symmetrical with respect to the middle 
of the grou]). Hence in the first half of the group we may regard the 
term multiplicity as depending on the number of plac(‘.s filled by 
electrons, and in the second half as depending in the same way on 
the number of places yet to be filled. This is conneebid also with the 
inversion of the terms in the second half of a group, i.e. the fact that 
here the lower terms corresy)ond to higher J-values (p. 330), as in the 
case of X-ray spectra (p. 295). 

The quantum numbers n, I, j, and m may also be used in counting 
up the number of possible states. In accordance with Table XXIV, 
p. 322, the same results are obtained, but the sub-groups of the different 
shells come out diflerently (compare Table XXlV, p. 322, and Table 
XXVI, p. 332). Since (y 7 )-coup]ing probably holds in the inner sludls 
of atoms, a subdivision of shells of the kind indicated in Table XXIV 
is to be expected in X-ray spectra. Actually the number of sub-groups 
in Table XXIV is identical (at least for the innermost shells K, L, M, 
and N) with the number of absorption edges, i.e. with the number of 
energy levels as given in fig. 11, p. 296. For a given value of n the 
number of possible Z-values is n — 1. The number of possible values 
is 2Z -b 1 and the number of values for each combination of n and 
nil is 2. Hence the total number of possible states is S(4Z + 2) for all 
values of I from Z=0 toZ=n — 1. This gives 2n^, i.e. 2, 8, 18, 32, 
&c., for w = 1, 2, 3, 4, &c., respectively (compare Table XXIV, p. 322, 
and Table XXVI, p. 332). 
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Now the numbers 2, 8, 18, 32 are the numbers of the elements in 
the various periods of the periodic table (Table I, p. 4). There can be 
no doubt that in the Pauli exclusion principle we possess the key to 
the periodic classification of the elements. 

D. The Periodic Classification of the Elements 

11. The Exclusion Principle and Shell-structure 

The shell-structure of atoms, which has already been discussed in 
Section B (p. 298 d seq.), can be accounted for by means of the ex¬ 
clusion principle. The maximum number of electrons with a given 
principal quantum number, i.e. in a given shell, is restricted in the 
way shown in Table XXIV (p. 322). If now each element is thought of 
as built up from the preceding element by the addition of one electron 
and the simultaneous increase of the nuclear charge by unity, the 
shells will be successively completed and periods of the lengt.hs 2, 8, 
18, 32, &c., may be expected. Actually the first two periods have the 
expected lengths, but the third has a huigth of only 8 elements instead 
of the 18 anticipated. We infer that all the places in the M-shell 
(m = 3) are not filled in the course of the third period; and that the 
N-shell begins to be formed at potassium, even though ten places are 
still free in the M-shell. This must be due to the special energy relation¬ 
ships; for the most stable state is always tha.t for which the potential 
energy is least. In order to follow this out in detail, we shall consider 
the structure of the periodic table more closely. 

In this we shall pursue a train of thought first developed by Bohr. 
In order to arrive at the structure of an atom, we may start by con¬ 
sidering the nucleus with just one electron and determining its ground 
state (possibly by spectroscopic methods). We may then think of the 
remaining electrons as added successively (the groimd state being 
determined at each stage), until the neutral atom is finally built up. 
In the case of Ca (Z == 20), for example, it would be necessary, in order 
to follow out this method, to know the properties of Ca^®+. With the 
means at present at our disposal, however, we cannot get farther than 
the spark spectra of the 5-fold or 6-fold ionized atom. We are helped 
out of this difficulty by an empirical fact. Applied to the particular 
case of Ca, this is, that the structure of 19 of the 20 electrons is the 
same as the structure of the preceding element. The position taken 
up by the 20th electron can be easily deduced from the spectral 
properties of the neutral atom. The fact that the inner electron struc¬ 
ture remains unchanged follows, for example, from the rectilinear course 
of the Moseley diagrams of fig. 12 (p. 297), as was pointed out in that 
connexion. The above procedure is not permissible, however, in all 
cases. As we see from the changes of slope in the Moseley diagrams 
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electrons are sometimes built into inner shells. In the fieighbourhood 
of such places, which have been mentioned previously on p. 306, the 
above principle of building up the atom must be applied with caution, 
as we shall see below. Consideration of the higher spark spectra of 
elements preceding the element in question by several places in the 
periodic table leads to clear results in such difficult cases. 

Period I. —The first member (cf. Table XXVII, p. 336) is hydrogen. 
In accordance with all the facts which have been discussed in detail 
above, its formula is undoubtedly H : Is . The hydrogen spectra 
do not show the splitting which has been discussed in the case of the 
alkali metals: the hydrogen energy levels are markedly degenerate. 
The fact that the separations are inappreciable is due to the very small 
energy of the rotation of the perihelion owing to the mass variability 
of the electron. The marked degeneracy (e.g. the coincidence of the 
terms 2^8^ and 2^?^, 3^8^ and &c.; also 3Ti| and is caused 
by the fact that the energy change due to electron spin is of exactly 
the same magnitude as that due to the mass variability of tlie electron. 

The second member of the period is helium. As was shown on p. 193, 
He+ is certainly analogous to H, the single electron being in a U-orbit. 
The addition of the second electron must (according to the discussion 
on p. 285) give rise to a singlet system and a triplet system (see fig. 6, 
p. 286). The groimd state of the term system is a ^S^-state. The second 
electron must therefore also occupy a l5-orbit. Hence the formula for 
the ground state is Ho : . ISq. 

We have seen (p. 331) that the exclusion principle accounts for 
the fact that there is no term P8i corresponding to 1^8 q. In helium 
the two places of the K-shell (see Table XXIV, p. 322, n = 1) are both 
filled. The next electron added must necessarily take up an orbit of 
higher principal quantum number, i.e. it must enter a now shell. 

Period II, —The third element is lithium (Z = 3). The Li+ spectrum 
shows the same relative positions of the energy levels as is found for 
He. Its ground state is tWefore Li+ : Is^ . ^8o. 

What state in the L-shell is occupied by the third electron in neutral 
Li? The term diagram shows, as for all the alkali metals, that the 
lowest level is ^8^. Hence the third electron must be bound in a 2.s-state. 
The ground state of Li may therefore be written Li: . 2s . 

Beryllium (Z==4). As shown on p. 311, the spectrum of Be+ 
corresponds completely to that of Li, except for the displacement of 
all the energy levels and the consequent displacement of all the spectral 
lines to shorter wave-lengths owing to the increased nuclear charge. 
The terms of B++ and C+++ exhibited in fig. 16, p. 311, also show 
the same arrangement: in particular the 2^8^ state is always the lowest. 
Tht) electronic configuration of Li thus remains unchanged throughout 
all these elements, and there is no doubt that the arrangement of the 
first three electrons is the same for all the subsequent elements. The 
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Tabt,b XXVII. —Electronic Structures and Ground Terms 
OF THE Elements 
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Table XXVII —Continued 



Shell 

K 

L 


N 

0 

P 

Q 

1 


\ 

n «= 

1 


2 


3 




4 



5 



6 


7 


Perir^d 

Ele 
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0 

1 

0 

1 

2 

0 

1 

2 

3 

0 
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2 
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1 

2 

0 

Term 


rnent 
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8 

P 

8 

P 

d 

8 


d f 

8 

P 

d 

8 

P 

d 

8 



37 

Rb 

2 

2 

0 

2 

0 

10 

2 

0 



1 









38 

8r 

2 

2 

6 

2 

0 

10 

2 

6 



2 









30 

Y 

2 

2 

0 

2 

0 

10 

2 

6 

1 


2 









40 

Zr 

2 

2 

0 

2 

0 

10 

2 

0 

2 


2 








(a) 

41 

Cb 

2 

2 

0 

2 

0 

10 

2 

6 

4 


1 







“Di/s 

42 

Mo 

2 

2 

0 

2 

0 

10 

2 

6 

5 


1 







AS, 


43 

Ma 

2 

2 

0 

2 

0 

10 

2 

6 

G 


1 







^’I^y/ 2 


44 

Ru 

2 

2 

0 

2 

0 

10 

2 

6 

7 


1 







"P5 


45 

Rh 

2 

2 

0 

2 

0 

10 

2 

6 

8 


1 







H'vo 


40 

Pd 

2 

2 

0 

2 

0 

10 

2 

6 

10 









AS,, 

V. 

47 

A« 

2 

2 

0 

2 

0 

10 

2 

0 

10 

— 

1 


— 

— 



— 

AS,, 


48 

C^d 

2 

2 

0 

2 

0 

10 

2 

r> 

10 


2 







'S„ 


40 

In 

2 

o 

0 

2 

0 

10 

2 

6 

10 


2 

1 






n\.. 


50 

Sn 

2 

2 

0 

2 

0 

10 

2 

6 

10 


2 

2 







( 6 ) 

51 

Sb 

2 

2 

f- 

2 

0 

10 

2 

G 

10 


2 

3 






“*^^3/2 


Tii 

2 ! 

2 

6 

2 

0 

10 

2 

G 

10 


2 

4 








r,3 

1 

2 j 

2 

0 

2 

0 

10 

2 

G 

10 


2 

5 








51 

Xe 

2 

1 

2 

6 

2 

0 

10 

2 

6 

10 


2 

G 






AS„ 


55 

Cs 

0 ! 

2 

0 

2 

0 

10 

2 

6 

10 


2 

6 


1 





(a) 

50 

Ba 

2 ! 

2 

0 

2 

0 

10 

2 

G 

10 


2 

G 


2 




AS„ 

57 

La 

2 

2 

0 

2 

0 

10 

2 6 

10 


2 

G 

1 ! 

o 






! 58 

C(^ 

2 

2 

0 

2 

0 

10 

2 

G 

10 

1 

2 

6 

1 

2 






50 

Pr 

2 

2 

0 

2 

0 

10 

2 

G 

10 

2 

2 

G 

1 

2 






00 

Nd 

2 

2 

0 

2 

0 

10 

2 

G 

10 

3 

2 

G 

1 

2 






01 

11 

2 

2 

0 ' 

2 

0 

10 

2 

G 

10 

4 

2 

G 

1 

2 






02 

)Sm' 

2 

2 

0 

2 

0 

10 

2 

G 

10 

5 

2 

G 

1 

2 




’K4 

(Rare 

03 

Eu 

2 

2 

0 

2 

0 

10 

2 

G 

10 

G 

2 

G 

1 

2 





earths) 

1 

04 

(Id 

2 

2 

0 

2 

0 

10 

2 

G 

10 

7 

2 

G 

1 

2 





05 

Tb 

2 

2 

0 

2 

6 

10 

2 

6 

10 

8 

2 

G 

1 

2 






00 

Hy 

2 

2 

6 

2 

0 

10 

2 

G 

10 

0 

! 2 

6 

1 

2 




'Klg 


07 

Ho 

2 

2 

0 

2 

0 

10 

2 

G 

10 

10 

2 

G 

1 

2 






08 

Er 

2 

2 

0 

o 

0 

10 

2 

6 

10 

11 

2 

0 

1 

2 




‘L,., 


09 

Tm 

2 

2 

6 

2 

0 

10 

2 

G 

10 

12 

2 

G 

1 

2 






70 

Yb 

2 

2 

0 

2 

0 

10 

2 

G 

10 

13 

2 

G 

1 

2 





1 

71 

Lu 

2 

2 

0 

2 

0 

10 

<> 

G 

10 

14 

2 

G 

1 

2 






(e957) 


23 
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Table XXVII — Continued 



Shell 

K 

L 

M 

N 

0 

p 

Q 

1 


Nw n *= 

1 

2 


3 




4 



5 



6 


7 

Ground 

Term 

Period 

Elo^f “ 

0 

0 

1 

0 

1 

2 

0 

1 

2 

3 

0 

1 

2 

0 

1 

2 

0 


ment \ 

s 


P 


P 


3 

P 

d 

/ 

3 

P 

d 

3 

P 

d 

3 


VI. 

_ _ 

— 

_ 

— 


- 

_ 

— 

- 

_ 

_ 


_ 

_ 


_ 

_ 

_ 

_ _ 


72 Iff 

2 

2 

6 

2 

(3 

10 

2 

6 

10 

14 

2 

G 

2 

2 





j 

73 Ta 

2 

2 

6 

2 

6 

10 

2 

C 

10 

14 

2 

G 

3 

2 






74 W 

2 

2 

() 

2 

(3 

10 

2 

G 

10 

14 

2 

G 

4 

2 





( a ) 

75 Re 

2 

2 

6 

2 

0 

10 

2 

6 

10 

14 

2 

6 

5 

2 





7(5 Os 

2 

2 

6 

2 

0 

10 

2 

G 

10 

14 

2 

G 

G 

2 






77 Ir 

2 

2 

6 

2 

6 

10 

2 

G 

10 

14 

2 

6 

7 

2 






78 Pt 

2 

2 

6 

2 

0 

10 

2 

G 

10 

14 

2 

6 

9 

1 




''i >3 


79 Au 

2 

2 

6 

2 

6 

10 

2 

G 

10 

14 

2 

G 

10 

1 






80 

2 

2 

() 

2 

6 

10 

2 

G 

10 

14 

2 

G 

10 

2 






81 T 1 

2 

2 

6 

2 

6 

10 

2 

G 

10 

14 

2 

G 

10 

2 

1 




( b ) 

82 Pb 

2 ’ 

2 

6 

2 

6 

10 

2 

6 

10 

14 

2 

G 

10 

2 

2 



’I’o' 

83 Bi 

2 

2 

f) 

2 

6 

10 

0 

G 

10 

14 

2 

G 

10 

2 

3 




j 

84 Po 

2 

2 

6 ; 

2 

6 

10 

2 

G 

10 

14 

2 

G 

10 

2 

4 





! 85 —- 

2 

2 

6 1 

2 

(3 

10 

2 

G 

10 

14 

2 

G 

10 

2 

5 



“ 1 * 3,2 


86 Rn 

2 

2 

0 ' 

_...! 

2 

0 

10 

2 

G 

10 

14 

2 

C 

10 

2 

G 





87 — 

2 

2 

0 

2 

G 

10 

2 

6 

10 

14 

2 

6 

10 

2 

G 


1 



88 Ra 

2 

2 

6 

2 

G 

10 

2 

6 

10 

14 

2 

G 

10 

2 

G 


2 

'«« 


80 Ac 

2 

2 

6 

2 

G 

10 

2 

G 

10 

14 

2 

G 

10 

2 

G 

1 

2 

“I>2.2 

ViJ. 

90 Th 

2 

2 

6 

2 

G 

10 

2 

G 

10 

14 

2 

G 

10 

2 

G 

2 

2 

^ V , 


91 Pa 

2 

2 

6 

2 

G 

10 

2 

6 

10 

14 

2 

G 

10 

2 

G 

3 

2 



92 U 

2 

2 

0 

2 

6 

10 

1 

2 

G 

10 

14 

2 

G 

10 

2 

6 

5 

1 

’S 


addition of a fourth electron to Bc+ gives neutral Be. Its spectrum 
can be ordered so as to give a singlet and a triplet system, in accordance 
with the possible orientations of the spins of the two outer electrons. 
In contrast to He, terms also occur which correspond to simultaneous 
excitation of both valency electrons. 

The ground state is a ^So-state. This is in agreement with the 
expected entry of the fourth electron into a 25-state. The allocation 
is unique, in view of the fact that the corresponding trijdet term 2^81 
does not occur, being excluded for the same reason as that mentioned 
in connexion with He. 

Boron (Z = 5), As is proved by the ground term of the B spectrum, 
the fifth electron takes up a 2p-orbit. The formula is therefore 

B:l52.252.2p.2p^. 
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We here have a P-term instead of an S-term as ground state. 
(We have previously met with the same thing in the case of aluminium 
(lig. 7, p. 288), another trivalent element.) The reason in the present 
case is that the 2j)-electron, which is the most loosely bound, can at 
most return to the 2p-state after excitation, because both the 26*-states 
are already occupied. The lowest available 5-state is the 35-state, so 
that the S-series begin with w == 3. 

The filling up of the possible p-states takes place progressively up 
to naon (Z = 10), at which element the L-shell is completely filled with 
8 L-electrons. The whole shell has zero resultant angular momentum. 
This may be seen from Table XXVI, p. 332, by considering the possible 
vector orientations. It also follows from the spectrum, the lowest 
term of which is a ^So-term in accordance with the arrangement 
Ne : 15^ . 25^. 2p®. 

Period III. —In this period the M-shell is built up in exactly the 
same w'ay as the L-shell in Period II. At A (Z = 18) the sub-group 

is completed, the ground term having the formula 

A : 152.252 ^ .3^2 ^ 3^6 

12. The Higher Periods 

Period IV. —If the process of shell-filling continued in a regular 
manner, the third period w^ould go on after argon until the ten 
3d-states of the M-shell were filled. Instead of this an alkali metal, 
potassium, appears as the 19th clement—an atom which, as is discussed 
in detail above, has an S-state as ground state. The last added electron 
must therefore be an 5-electron: it must occupy a 4s-state. This state 
must evidently be of lower energy than a 3d-state. In other words, 
a certain excitation energy must be expended in order to raise the 
electron from the 45-orbit into the 3rf-orbit. Hence we must expect 
that in the spectrum of K the 3(i!-terms will lie above the 45-terms. 
As fig. 22 shows, this is in fact the case. 

The reason for this behaviour is not difficult to grasp. In the Bohr model a 
3 d-orbit is circular (p. 199 ), whereas a 45-orbit is a very eccentric ellipse which 
penetrates into the atomic core. Hence it may well happen that the 45 -orbit, 
in which the electron (at least for a small part of the orbit) is under the influence 
of a relatively large effective nuclear charge, may represent a state of lower energy 
than the 3 (f-orbit, in which the electron never comc-s near the nucleus and is 
tliroughout under the influence of a screened nuclear charge of effective value 
unity. 

Consideration of the term diagram of A1 (Z = 13)—see fig. 7, p. 288 
—shows that the 3d-states lie higher than the 45-states even for this 
atom. (Here, of course, this does not lead to any complication as far 
as the ground state is concerned, because the 3p-states of very low energy 
are stiU unoccupied.) It is therefore quite intelligible, and indeed w^hat 
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we may expect in the light of tlie discussion of the spectra, that when 
it comes to a choice between 4s- and 3cZ-states, the former will ho^ve 
the lower energy and will be taken up in the ground state. 



At this point it becomes questionable whether the configuration of 
the K atom should be assumed for the ion Ca+ of the next element, 
calcium (Z ~ 20); for the increase in the nuclear charge will cause 
a shrinking of the orbits, and it is not possible to say at once wdiich 
state will have the lowest energy. However, the spectrum of Ca+ 
(fig. 22) shows that here again the 4s'State is the lowest. The 20th 
electron is likewise bound in a 45-orbit, as is to be expected from the 
analogy between the chemical properties of Ca and those of Mg, and 
as follows from the term diagram, which has a ^S^-term as lowest 
term. 

Now what happens to the structure as we pass on to the next 
element, scandium (Z = 21)? Comparison of the spectrum of Ca+ 
with that of K (fig. 22) shows that the 4s-statc has already moved 
very close to the si-state. To make sure, therefore, we make a further 
comparison with the spectrum of Sc+'*'. As fig. 22 shows, the lowest 
term is foimd to be a 3c?-term. Thus in Sc++ the 19th electron is no 
longer (as in K) in a 45-orbit, but in a 3d!-orbit, the position to be 
expected in a normal progressive filling of the M-shell This holds also 
for the succeeding elements (see fig. 22), so that from scandium on¬ 
wards we must allot the 19th electron to a 3c?-state. What state, then, 
does the 20th electron of scandium take up? Information on tins 
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point can be derived from the spectrum of Sc+. Here experiment 
shows that the ground term is a ®D-term, as is to be expected from 
the structure Sc+ : (Ne). 36*^ . ,Zd As . ®D. Thus the 20th electron 
takes up a 45>orbit. What state is taken up by the 21st electron of 
scandium? The ground terms to be expected for the different con¬ 
ceivable states of tliis electron may be worked out. For example, if 
the 21st electron were to take up a 3cZ-orbit, the ground state would 
be a ^F-term; if the orbit taken up were a 4s-orbit, a ^D-term would 
result, and so on. Experiment shows that the lowest term is in fact 
a ^D-term. It follows that the ground state of scandium is 

Sc : (Ne). 35 ^ . 3/*. U . . ^D. 

The considerations given above for the 19th to the 21st electrons 
may be extended throughout the periodic table. In this way, making 
use of arc and spark spectra and also of the clues to irregularities of 
structure furnished by the Moseley diagrams, it is possible to deter¬ 
mine the electronic configuration for all the elements. A degree of 
uncertainty remains in some cases. For example, we do not know 
precisely how the electrons are distributed between the 0- and P-shells 
in the ground state of the rare-earth atoms (Z = 67 to 71). Our know¬ 
ledge of the shell-structure of the elements in the ground states is 
summarized in Table XXVII (p. 336). 

The structure of the periods may be briefly discussed in the light 
of this table. The process of filling up the M-shcll, which according 
to Table XXIV, p. 322 can have 10 electrons in 3{Z-states, is not 
completed until Cu (Z = 29). This is the first clement to have a com¬ 
pletely filled M-shell. It has, in addition, a single electron in the 
N-shell, and this is the reason why copper may be univalent. Very 
near to this ground state, however, is a state with the configuration 
{A). ?}d^ . 45^ . ^D, in which there are two electrons in the N-shell. The 
energy difference between these two states is only 0T5 electron-volt 
(= 1200 cm.”^). Hence this state also occurs in chemical reactions 
and copper may be divalent. 

We see that Ni, which has just the ten electrons necessary to fill 
the d-states of the M-shell and so complete the shell, is not in fact an 
inert gas, because two of the electrons occupy 4s-states, in which they 
are more tightly bound than they would be in the two missing 3d-states. 
After Cu the N-shell continues for a time to be built up in a regular 
fashion, the elements showing characteristic chemical properties 
similar to those of the corresponding elements in the preceding periods. 

Period V.— At Rb (Z = 37) the building up of the 0-shell (n = 5) 
commences, in spite of the fact that the 4d- and 4/-states arc not yet 
occupied. Thus here we encounter conditions which are quite similar 
to those already discussed for the elements K to Sc. Here again it is 
.at a trivalent element, Y (Z = 39), that the 5 s- and the 4d-statos become 
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practically equal in energy. This gives rise to the possibility of different 
configurations with only slightly differing energies. Hence small 
energy changes, in some cases even violent thermal agitation, can give 
rise to excited states not far removed from the ground state. The 
elements therefore exhibit a great variety of chemical properties and 
possess a number of different valencies. The 4d-group is completed 
at Pd (Z = 46). This element has the character of an inert gas in so far 
as its atoms contain only completed sub-groups. Its ground term is 
also This is in accord with its marked chemical inertness. The 
fact that Pd is not an inert gas is explained as follows. In contrast to 
the real inert gases, for w’hich the first excited state lies very high 
above the ground state (see Table XXII, p. 301), Pd has energy levels 
lying quite close to the ground state. Amongst such states are those 
with the configurations (Kr). 4#. 5s and 4#. 56*^, &c. Since these states 
are excited to an appreciable extent by thermal agitation, a certain 
chemical reactivity results and the inert-gas character is only feebly 
exhibited. 

From Ag (Z = 47) onwards the regular filling of the 0-shell pro¬ 
ceeds, and we again obtain a series of elements with well-defined 
valencies and marked chemical similarity to those of Series II, III, 
and IV (Cu to Kr). The filling of the 5^- and 5p-groups is completed at 
the inert gas Xc (Z = 54). 

Period VI. —The 6 s-orbits are so eccentric, and consequently pene¬ 
trate so deeply into the atomic core, that they now represent closer 
binding than the circular 4/-orbits. Although 4/-state8 are still un¬ 
occupied (and likewise 5/- and 5gr-states), the 55th electron takes up 
a 65 -state in Cs (Z == 55), thus conferring upon this element the char¬ 
acter of an alkali metal. Then, just as for Sc, the competition of the 
5rf-states makes itself felt in the trivalent element La (Z = 57). But 
before any more of these states can be filled, the 4/-statcs begin to be 
filled (of which the maximum possible number is 14 (see Table XXVI, 
p. 332)). This may be concluded from spectroscopic evidence of the 
same kind as that given in fig. 22 , p. 340 for the 19th electron. The 
4/-states are successively filled without interruption in the series of 
14 elements (the so-called rare earths) from cerium to lutecium 
(Z = 58 to 71). Since the configuration of the outer electrons is 
the same (or practically the same) for all these 14 elements, they 
exhibit a very remarkable similarity in their chemical and physical 
properties. 

According to the exclusion principle, 14 is the maximum number 
of 4/-electrons. Hence the next electron added to form Hf (Z = 72) 
must take up a position nearer the outside of the atom. This element 
hafnium therefore cannot belong to the rare earths, but rather must 
bear a resemblance to Zr (Z = 40). 

At the time when Bohb first developed the ideas which form the basis of the 
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above treatment, i.e. in 1922, when the exclusion principle was not yet known, 
•the element 72 had not been discovered. Up to that time it had been sought for 
amongst the rare earths. Bohr predicted that it should on the contrary resemble 
zirconium and ought therefore to bo sought for in minerals containing this 
element. In the light of this prediction, the element 72 was actually discovered 
in the same year by Paneth and Hevesy. In honour of Bohr’s birthplace, 
Copenhagen, it was given the name hafnium.^ It occurs mixed with zirconium 
in surprisingly large proportions, and most zirconium j)reparalions contain 
appreciable quantities of hafnium. 


Table XXVIII.— Diagram of the Periodic System according to Bohr 



At Pt (Z = 78), whose outer electronic configuration is similar to 
that of Ni, the number of electrons necessary to fill the 5d«states 
completely is reached, though one of the electrons actually tak»?8 a 
GS'State, Then from Au (Z = 79) onwards the 6s- and 6p-states are 
regularly filled, in spite of the fact that the 5/- and 5jf-states remain 

♦ From Hafnia, the old Latin name for Copenhagen. 
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Table XXIX.— Pekiodic Table 



unoccupied. At radon (Z = 86) the Gs- and 6p-states are completely 
filled and we have an inert gas. The next element (Z = 87) is unknown. 
Here the filling of the Q-shell (n = 7) commences, so that it must be 
an alkali metal. The element Ra (Z = 88) is known and is of typical 
alkaline^earth character, both chemically and spectroscopically. The 
periodic table comes to an end with uranium (Z — 92), nuclei of higher 
charge being no longer stable. The chemical properties of elements 
beyond uranium can likewise be derived from considerations like those 
given above, so that it is not impossible that such elements (if indeed 
they can exist at all) may one day be isolated, perhaps from cosmic 
material. 

Relationships between the Elements. As may be seen from 
Table XXVII, p. 336, chemical similarities between different ele* 
ments are mainly due to similarities in the configuration of the 
outer electrons of the atoms. Thus all the alkali metals have a 
single outer s-electron, all the alkaline-earth metals have two such 
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WITH States of Valency Electrons 


■ n 


■ n 

- 



r" 




I. 




6 B 

6 C 

7 N 

8 0 

9 F 

10 Ne 





s^p 

8^p^ 

gipi, 

sY 

sY 

sY 

11. 




2P 

sp 


3p 

2p 

^8 





13 Al 

14 Si 

J5 P 

16 S 

17 Cl 

18 A 








sY 

sY 

sY 

III. 




2p 

3p 


3p 

2p 

bS 


28 Ni 

29 Cu 

30 Zn 

31 Ga 

32 Ge 

33 As 

34 Se 

35 Br 

30 Kr 



d^^8 


8^p 



sY 

sY 

sY 

IV. 


•^s 

18 

2p 

3p 

*8 

3p 

2p 

bS^ 


46 Pd 

47 kg 

48 Cd 

49 In 

50 Sn 

51 Sb 

52 Te 

53 I 

54 Xe 




diV 

s^p 



sY 

sY 

8Y 

V. 



IS 


3p 

^8 

3p 

\ 2p 

bS 


78 Pt 

79 Au 

80 Hg 

81 Tl 

1 82 Pb 

83 Bi 

84 Po 

85 — 

86 Rn 


d^s 

d^h 


S^'P 

g2p2 

gipZ 

8Y 

sY 

8Y 

VI. 

H.) 


IS 

2p i 

! 8p 


3p 

2p 

'S 








. 


! 

VII. 

65 Tb 

66 Dy 1 

67 Ho 

68 Kr 

09 Tm 

70 Yb 

71 Lu 



_ 

SW 

[W 

rw 

pw 

rw 

P^ds^ 

pw 




1 


6L 1 

_ 1 


•^K 

m 

' 1 

2D 



1 


electrons (s-. ^S), all halogens have two s- and five ^^-clectrons 

. p *. '^P), &c. 

The elements of the sub-groups of the periodic table are charac¬ 
terized by outer d-elcctrons. For instance, in group III the main 
group elements B and Al, as well as Ga, In, and Tl, all possess the 
arrangement in the outermost shell, whereas the sub-group elements 
Sc, Y, La, and Ac all have sH. Analogous relationships are found in 
group IV. The extent to which the periodicity of chemical properties, 
especially of valency, depends on the periodicity of atomic structure 
treated above will be discussed in Chapter VI, p. 361 et mj. In Table 
XXVIII another way of representing the relationships of the chemical 
elements is reproduced. This form of the periodic system is due to 
Julius Thomsen and Bohr. A further table is also given (Table 
XXIX) in which the elements are arranged in long periods and the 
configuration of the electrons to w'hich the characteristic chemical 
properties are due is given for each element. 





346 SPECTRAL LINES AND STRUCTURE OF ATOMS 


13. Magnetic Properties 

Mention has been made above of several physical properties whose 
periodic variation with atomic number indicates that they are related 
to atomic structure. The periodicity of chemical properties will be 
disciir.sod later (p. 383). In the present section we shall consider certain 
physical properties which can be treated quantitatively in the light 
of what has beiui said about atomic structure above. 

Foremost amongst such properties are the magnetic properties. 
We have already seen on p. 317 that every alkali-like atom behaves 
like a circulatory electric charge with the magnetic moment M = jgjiQ 
or more exactly (see p. 312) M — Vj(j + l)<7i^o- quantities g 

and /Xq in these formulae are given respectively by 

3j(i+l) + 49+l)-^(?+l) 

, ^ 1) 
and 

eh 

47rmc’ 

where m is the mass of an eh^ctron. Exactly analogous formukn also 
hold for atoms with more than one valency electron, the quantum 
numbers 2, L, and J being substituted respectively for s, Z, and j. 
Hence if the nature of the ground state is known, we have all the 
quantities necessary for the calculation of g and consequently of the 
magnetic moment M of the atom. The experimentally observable 
quantity is the magnetic susceptibility K of the element, which accord¬ 
ing to Vol. Ill, p. 448, is given by 

^ __ nW' 

where n is the number of atoms per c.c. Thus the magnetic moment 
of the atom can be calculated from experimentally determined sus¬ 
ceptibilities. In comparing such experimental values with those to 
be expected theoretically, a correction must be applied if all the atoms 
are not (as assumed above) in the ground state. Such a correction 
will obviously be necessary in cases where the atom possesses energy 
levels so near the ground state as to be appreciably excited by thermal 
agitation under the conditions of experiment. If AW is the energy 
difference between the ground state and such a level, the number of 
excited atoms will be proportional to Hence, knowing the 

nature of the excited state, we can make due allowance for its contri¬ 
bution to the mean magnetic moment of the atoms. The comparison 
of experimental and theoretical values also involves the assiunption 
that neighbouring atoms do not appreciably affect one another. This- 
last assumption is best justified for gases. In the case of sodium vapour 
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Gerlach has found a value for the susceptibility which is in very good 
agreement with that derived from the theory given above. Another 
case in which there is little mutual disturbance between neighbouring 
systems is that of the trivalent ions of the rare-earth metals. These 
ions diller from the corresponding neutral atoms in having lost the 
Sd- and Gs-electrons. As we see from Table XXVII, p. 336, the 46*-, 
ij}-. Ad-, 55-, and 5j)-sub-groups are complete, so that the nature of 
tlie ground term is determined solely by the 4/-olectrons. The 
theoretical ground states (p. 330) are shown in Table XXX, in whicli 
the letters H and I stand for L = 5 and L = 6 respectively. Some of 
the values of L and J are found to be very large, so that very strong 
paramagnetic properties arc to be anticipated from the theory. Actually 
the ions in question have long been known to show strong paramagnetic 
behaviour. In Table XXX, under the heading given the 

Table XXX. —Magnetic Moments or the Ions of the 
Rare-earth Elements 


Ion 

4/- 

c'lpctrons 

Ground 

term 

f^o 

M 

/^o 


0 

■«„ 

0*00 

0-00 


1 

2F- o 

2*54 

2-5 


2 


3-58 

3-(> 


3 


3-(52 

34) 

11+-4-+ 

4 

‘I4 

2-08 

2-8 


5 


0-84 

1-7 

Eu+-^-i- 

0 

’l''o 

000 

3-5 


7 


7*9 

7-9 

Xl)-^++ 

8 


9-7 

9-7 

Dy-t-H- 

9 


10-(> 

lO-O 


10 


10-0 

10-0 

Ei‘+++ 

11 

I5'2 

9-f) 

90 

Tm+^ 

12 


7*5 

7'5 

Yb+-^+ 

13 


4-5 

4-5 

Lu-H-t- 

14 


0-00 

0-00 


values of the magnetic moments of the ions (with (Xq as unit), calculated 
from the given ground terms. 

When proper accoimt is taken of the energy levels l)dng close to 
the ground level (due to the term multiplicities, i.e. the various 
J-values), the values given under the heading M//Xq are obtained. 
These are the values to be expected from measurements carried out 
at room temperature. As is seen from the table, the correction to be 
applied on account of the excited states is small, except for Sm and Eu. 
Fig. 23 shows graphically the comparison between these theoretical 
values and the values actually obtained by experiment. The limits 
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of error on the latter are indicated by the short vertical lines. The 
small circles represent the theoretical values. For clearness they are 
joined by a continuous curve. We see that the peculiar form of this 
curve is excellently accounted for by the theory. 



Fig. 23 .—Magnetic moments of the ions of the. rare earth metals in 
the solid and liquid states. (The dotted curv'e is that obtained when no 
account is taken of excited states.) 


A further important contribution from the experimental side has 
been made by Sucksmith. As was mentioned briefly on p. 446 of 
Vol. Ill, he measured the mechanical couple which acts on a suspended 
paramagnetic substance when a magnetic field is suddenly applied 
to it. This effect may be regarded as due to the Larmor precession of 
the atomic “ magnetic top ” under the influence of the applied field 
(see Vol. Ill, loc. cil.). The ratio of mechanical angular momentum to 
magnetic moment is given by 6 — 2mcj{ge), where g has the value 
given above. Sucksmith not only succeeded in demonstrating the 
existence of the very small effect for the salts of the rare earths, but 
was also able to measure it very exactly. In the case of Dy, for example, 
his measurements give g = 1*28, as compared with the value 1*33 
calculated from the electronic configuration of the ion. 

The Ions of Period IV (Ca++ to Zn++). —Very poor agreement with 
experiment is obtained if the magnetic properties of the ions Ca++ to 
Zn++ are calculated by the above method, and only the ground states 
are taken into account. In fig. 24 (as in the preceding figure) the ex¬ 
perimental values are plotted as vertical lines, while the theoretical 
values lie on the dotted curve. Better agreement is obtained when 
the excited states are taken into account. The continuous curve 
represents the theoretical results when full allowance is made for the 
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energy levels in the neighbourhood of the ground level, and therefore 
refers to high temperatures, when all these levels are appreciably ex¬ 
cited. The observed values might be expected to lie between tlic two 
curves, but this is not true for all the ions. The discrepancies are 



Fig. 24 .—Magnetic moments of the ions of Period IV, Ca to Zn, 
in the i»olid and liquid states 


probably due in part to displacements of the energy levels (a kind of 
Pasciikn-Back efiect) occasioned by the strong interactions of the 
fields of ions approaching close to one another as a result of thermal 
agitation. 

Diamagnetic Atoms.—All atoms and ions for which tlie total 
angular momentum is zero (i.e. J == 0) in the ground state possess no 
magnetic moment, and hence exhibit diamagnetic properties only. 
To this class belong all systems whose electronic configuration con¬ 
tains completed groups only, and in particular those with inert-gas 
structui’e. The following atoms and ions are actually found to 
be diamagnetic: He, Li+, Be++, 0—, F“, Ne, Na+, Mg"‘+, 

A1+++, S“~, Cl-, A, K+ Sc+++ Ti++++; also Cu+, Zn++, and 

these latter on account of the configuration (see Table 
XXVII, p. 336). 

Effect of Energy Levels near the Ground State on the Specific Heat.—- 

When an atom or ion possesses energy levels lying close above the ground level, 
a relatively small amount of energy suffices to make the system assume an excited 
state. Since the number of atoms with an energy AW greater than the energy 

of the ground state is e at and therefore increases with the temperaturt, the 
result must be an “ anomalous ” variation of specific heat w ith temperatui’e; 
for a fraction of the thermal agitation is transformed into internal energy of the 
atoms (appearance of new degrees of freedom). Effects of this kind appear to have 
been actually observed, particularly for salts of the rare-earth metals. 
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E. The Influence of the Nucleus on Atomic Spectra 

14. Hyperfine Structure 

Experimental results of various kinds (to be discussed below) 
indicate that the proton must be regarded as having a spin like the 
elecitron, the mechanical angular momentum being again of the order 
of hl(27r )—actually an integral multiple of \hj{2iT). Since, however, 
the mass of the proton is about 2000 times that of the electron, the 
magnetic moment of tlie proton is presumably only 20 S 0 
the electron (see the (‘quation on p. 208). More complicated nuclei 
must also be regarded as having spins. 

The first piece of evidence for definite nuclear spins is the observed 
fine structure (so-called hyperfine structure) of eacli of the components 
of the multiplet fine structure of atomic terms discussed above. As 
wo have seen, the multiplet fine structure is explained as being due to 
th(? spin of the electron. No further cause for a splitting of energy 
levels is to be found in the extra-nuclear electronic structure of the 
atom, and hence we are led to the conclusion that the observed hyper¬ 
fine structure must be a nuclear effect. Tliis conclusion is supported 
(see below) by certain peculiarities of band spectra, by determinations 
of electric moments by the molecular-beam method, and also by the 
discovery of two modifications of the hydrogen molecule. 

Nuclear spin is not the only nuclear property which may produce 
a hyperfine structure of the multiplet levels. In the first place it must 
be remembered that elements exist as mixtures of isotopes of different 
nuclear masses. Since the Rydberg constant R depends on the nuclear 
mass, slightly different energy levels will result. Conversely, the 
observed fine structure could be used for the detection of isotopes. 
Thus in 1932 Urey actually succeeded in showing that the spectrum 
of hydrogen contains, in addition to the ordinary lines of the Balmer 
series, other lines ascribable to a hydrogen atom with nuclear mass 2. 
This resulted in the discovery of the so-called heavy hydrogen isotope 
(p. 96). The effect of different isotopic nuclei can also be detected in 
other spectra, e.g. in that of Cd, though here the cause is probably 
differences of electrical properties rather than differences of mass. 

Hyperfine structures, however, have been observed even for 
elements (e.g. bismuth) which have only one isotope. Here there can 
be no doubt that the cause is the electrical properties of the nucleus. 
Moreover, the appearance of sharp lines and the discovery of whole- 
number relationships between the energy differences of the levels 
necessarily lead to the idea of sharply-defined (i.e., in the usual language 
of atomic structure, quantized) nuclear states. Back has actually 
succeeded in demonstrating the Zeeman splitting of the hyperfine 
structure components. The observed phenomena can be very well 
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accounfccd for by ascribing to the nucleus an angular momentum 
vector I and a corresponding quantum number i. This vector I com¬ 
bines with the angular momentum vector J to give a resultant F. 
Fig. 25 gives an example of hyperfine structinre. Since the magnetic 
moment of the nuclear spin of a 
nucleus of mass M is only m/M times 
that of an electron (mass m), the 
separation of the hyperfine structure 
component-s of a line is correspond¬ 
ingly small in comparison with the 
separation of the ordinary multiplet 
components. Thus for Bi the ratio 
of the separations may be expected 
to be only about 1: 40,000, This is in good agreement with observa¬ 
tion, as far as order of magnitude is concerned. Here the multiplet 
separation is of the order of 15,000 cm.*"^, wliile the ]iy])erfine sepa¬ 
ration is only about O'l to 0*5 cm.”^. On account of the smallness 
of the effect, investigations of hyp<^rfine structure are always carried 
out \\ith atoms of high mass (like Bi); for only in such cases can the 
broadening of the lines by the Doppler effect be kept sufficiently small 
without raising serious ex])erimental difficulties. 

Table XXXI gives the nuclear angular momenta (expressed as 


Fig. 25.—Observed hyperfine structure 
of the line 5^85 A. of Li II 
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the quantum number i and called nuclear mmyients) which have so far 
been obtained from hyperfine structure and other measurements. 

Considerable uncertainty still attaches to some of the data, owing 
to the difficulty of determining the very small frequency differences 
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involved. Interferometric methods are generally used. Since the spins 
of the proton and electron are probably equal, namely p/(27r), atoms 
with even nuclear charges may be expected to bave nuclear moments 
which are even multiples of P/(27r), while atoms with odd nuclear 
charges may be expected to have nuclear moments which are odd 
multiples of \lil{27r). As may be seen from Table XXXI, this is not 
the case. This raises difficulties w^hich have so far not been overcome, 
and shows that w^e still have no satisfactory theory of nuclear structure. 
(See the sections on the neutron, p. Ill, and j8-ray energy, p. 20.) 

Para- and Ortho-Hydrogen.—In diatomic molecules with similar 
nuclei the existence of nuclear spin gives rise to an effect similar to 
that occurring with electrons (pp. 274, 388). In fact there must be an 
energy difference bet’ween corresponding configurations with parallel 
and antiparallel nuclear spins, rather like that observed in the analogous 
case of atoms with two electrons (c.g. helium: ortho-helium and par- 
helium). It has in fact been found that the hydrogen molecule Hg 
exists in two different modifications called para-hydrogen and ortho- 
hydrogen. On account of the different energy states of rotation (see 
below), the two modifications differ from one another in specific heat. 
If ordinary hydrogen Ho is absorbed by wood charcoal at about 20^ 
Abs., it is almost completely transformed within a few hours into para- 
hydrogen. As will be explained in more detail later, we may con¬ 
clude from the variation of the specific heats with temperature that 
in para-hydrogen the tw’o nuclei must have 0 ])positely-directed spins, 
while in ortho-hydrogen the two spins must be similarly directed. 
Ortho-hydrogen cannot be prepared in a pure state, because its energy 
content at low temp(iratures is always greater than tliat of para- 
hydrogen. Under ordinary conditions hydrogen is a mixture of the 
two forms in the ratio 3 : 1. This is the proportion which is spon¬ 
taneously assumed at high temperatures. As we shall see later, spectro- 
sco])ic data also lead to the same conclusion. 

So far it has not been found possible to detect differing modifi¬ 
cations of an analogous nature in the case of other molecules with 
similar nuclei (e.g. Ng or the halogens, for which such modifications 
are to be expected theoretically). 

Influence on the Rotational States.—The wave-mechanical calcu¬ 
lations show that the nuclear moments must have an influence on the 
rotational states of molecules. A certain extension of the exclusion 
principle is thereby obtained. For a diatomic molecule with zero total 
electronic angular momentum the theory states that when the two 
nuclear spins are parallel, only those rotational states with odd rota¬ 
tional quantum numbers are possible. On the other hand, if the nuclear 
spins are antiparallel, the molecule in the ground state can only assume 
those rotational states which have even rotational quantum numbers 
(see pp. 380 and 382). 
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F. Some Deductions from Wave-mechanical Theory 

J5. The Principle of Indeterminacy 

Electromagnetic phenomena in relatively large regions of space 
and, so far as oscillations are concerned, at low frequencies arc satis¬ 
factorily accounted for by Maxwell’s equations, i.e. on the basis of 
a continuum theory. Within the atom, on the other hand, we have 
seen in this volume that other laws hold. The most remarkable feature 
of these atomic laws is their discontinuity, which is manifested most 
clearly by the sharp lines of atomic spectra. This discontinuity is 
characterized by the appearance of the quantum of action Ji in the 
formulae. Thus it appears that the substratum of electromagnetic 
processes has not the nature of a continuum, but must have a discon¬ 
tinuous structure which is measured by the constant h. At present 
we have no means of elucidating this structure. Hence it is clear that, 
for the time being at least, wc can only represent electromagnetic 
processes somewhat roughly, greater precision being precluded by the 
discontinuous structure referred to above. Our inability to make any 
further advances in this connexion at the present time may well be 
due in the first place to our lack of experimental data (such as may 
be obtainable from investigations of the processes underlying light 
emission), and in the second place to the inadequacy of our concepts 
(probably to that of our concept of energy in particular). 

This limitation of our ability to describe microcosmic processes has 
found expression in the so-called indeterminacy principle or uncer¬ 
tainty principle of Heisenberg (1927), which may be enunciated as 
follows: The maximum possible accuracy of description of a process 
is such that the product of the uncertainties in the observed values of the 
two conjugate quantities measured in order to describe the action (erg- 
sec. = gm. cm.^ sec.“^) is of the order of magnitude of h (= 6*55 X 10“^’ 
erg-sec.). 

To illustrate this principle we shall consider a few examples. Sup¬ 
pose we wish to determine the position of a very small particle (say 
an electron). In the case of particles which are optically visible we 
should use a microscope. Now the possibility of determining the 
exact position of the particle is limited by the wave-length of the light. 
The width of the diffraction figure, which is to be regarded as the 
“ image ” of the particle (see Vol. IV, p. 149), is at least of the order of 
magnitude of the wave-length of the light used. In order to determine 
the position of a very small particle like an electron or a proton, it is 
therefore necessary to use “ light ” of very short wave-length (“ y-ray 
microscope ”). But the shorter the wave-length, i.e. the greater the 
frequency v, the greater is the effect of the momentum of the radiation 
on the particle (see p. 236) and consequently the less the accuracy 

(e 957) 24 
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with which the momentum of the particle (gm. cm. sec.“^), i.e. the 
conjugate quantity to the position (cm.), can be measured. Thus the 
more exactly we try to determine the position of the particle (by 
using light of shorter wave-length), the less accurately are we able 

(on account of the Compton effect) to 
determine the momentum of the particle 

(fig. 26). 

As another example we may consider 
the passage of cathode rays through a 
narrow slit (of width d). At the moment 
when the rays pass through the slit, the 
breadth of the beam is d. We may sup¬ 
pose the original beam to have consisted 
only of particles moving in one direction, 
i.e. having momentum only in the direc¬ 
tion of the beam. At first sight we 
should expect that the breadth of the 
beam after passage through the slit w^ould 
be d. Experiments of this kind show, on 
the contrary, that the electrons are dif¬ 
fracted (see p. 244) and that the beam 
broadens out after passage through the slit, 
just as an originally parallel beam of light does. Thus the particles are 
given a momentum at right angles to the original direction of the beam. 
Hence if the position of a particle is determined wdth the uncertainty d 
(i.e. the particle is knowm to pass through the slit), then an uncertainty 
arises in regard to its momentum, because of the lateral component 
which is thereby imparted. This lateral component is indeterminate, 
being different for different particles. The narrower the slit, the more 
marked is the diffraction. Hence the greater the accuracy with which 
the position co-ordinate is determined, the more uncertain docs the 
momentum become. 

Let Pi be the component of momentum at right angles to the original direction 
of the beam for a particle which is diffracted through the angle 0 towards the 
first diffraction maximum. Then if pj, is the momentum in the original direction 
of the beam, we have tan0 = PilPb’ 

Again, for the first diffraction maximum we have sin0 = :jX/d (see Vol. IV, 
pp. 199 and 200). Since 0 is small, we may take tan0 = sin0 and also X = 4/pj 
(p. 246) Hence 

Pi 3 X 3 h 

Pj, 2 d 2 pjr 

The difference between the two values of pi corresponding to the two first maxima 
on either side is therefore 2pi == Sh/d, This may be taken as the uncertainty 
Api of the lateral momentum for any particular electron; for an overwhelming 
majority of the particles lie within this range (cf. fig. 36 on p. 201 of Vol. IV). 
The uncertainty As of the co-ordinate of position in the direction at right 



Fig. 26. — Determination of 
the position and momentum of 
an electron. 
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angles to the original direction of the beam is the width d of the slit. Hence we 
obtain 

== 3 ^. 

Thus the product of the uncertainties of the two conjugate quanti¬ 
ties, length and momentum, does actually turn out to be of the order 
of magnitude of A. 

Action may also be considered as the product of the conjugate 
quantities energy and time. Accordingly a given uncertainty in a 
determination of time must be associated with an uncertainty in the 
conjugate determination of energy, and vice versa. Consider, for 
example, a train of sine waves of unlimited length and of frequency 
falling on some type of shutter, which is opened and closed in order 
to determine the time at which the waves pass through. The uncer¬ 
tainty of this determination is thus the interval during which the 
shutter remains open. Behind the shutter we obtain a section of the 
wave-train of limited extent. An experimental example of this kind 
has been discussed on p. 239 in connexion with the periodic internip- 
tion of a train of light waves by means of a Kerr cell operated by 
electrical oscillations. A limited portion cut off from a monochromatic 
wave-train is no longer monochromatic, but in accordance with its 
Fourier analysis must be regarded as made up by the superposition 
of different frequencies. The uncertJiinty Ae thus introduced into the 
frequency beconu‘-s greater as the length of the portion of the train cut 
off is made smaller (i.e. as the frequency of modulation is increased). 
Now the energy E is related to the frequency v by the equation E = hv. 
Hence an uncertainty in the frequency implies an uncertainty in the 
energy. 

To a first approximation the uncertainty of frequency introduced is twice 
the frequency of modulation; i.e. Av 2/A/, where the symbol means “ is 
of the order of magnitude of Hence we have AvA/ 2, or 

/iAvA/ = AE A/ 7^ 2h. 


The product of the uncertainties of the conjugate (]uantities energy and time is 
thus once more of the order of magnitude of h. The length Aa: of the wave-train 
cut off is cA/ and the uncertainty in the wave-number is Av= Av/c. Hence 
we may write AvAa: 2. 

The same considerations also apply to the passage of a material particle 
through a shutter d(*vice. Here again an uncertainty in the wave-mechanical 
frequency or w'ave-length means an uneertainty in the velocity and hence in 
(he kinetic energy of the partit^le. 

The uncertainty attaching to a light quantum may be calculated as follows. 
The duration of the process of emission is of the order of magnitude of 10“* sec. 
Hence Av is of the order of magnitude of 10* sec.“h Now’ v — c/X and therefore 
Av = —c AX/X^. Let us take e.g. the green Hg line (X = 5401 A.). Then wc have 


Av ^ 10® 


3 X 101® 
(5-5 X 10-^)2 


AX, 


AX cm. = 10”® A. 


whence 



356 SPECTRAL LINES AND STRUCTURE OF ATOMS 


This is the “ natural ” line breadth (see p. 221). From the relation AvAx f^2 
given above we have, since Av = Av/c, 

l()8Aa;= 2 X 3 X 10^0, 

whence Ax — 600 cm. Hence if the wave-number (and therefore the energy) 
of a light quantum is determined with a degree of certainty corresponding to the 
natural line breadth, the quantum can only be localized within a distance of a 
few metres measured in the direction of propagation. 

Range of Validity of the Indeterminacy Relation.—The relation 
obviously holds for all processes of an electromagnetic nature, in which 
h plays a part. On account of the smallness of h, the relation is of no 
practical significance in macroscopic processes. For very small-scale 
processes, however, the above examples show that it is of very great 
importance. In the light of the discovery of the diffraction of electrons 
and protons (p. 256) it is now probable that the behaviour of all matter 
is in accordance with wave-nn^chanical theory (p. 246), i.e. that the 
quantity h plays a part in all material processes. We must accordingly 
conclude that all processes are subject to the principle of indeterminacy. 

This “ granular ” character of physical phenomena,* as characterized by the 
constant h, affects all observable processes. In this connexion, however, we must 
(at least provisionally) make one exception—^gravitation. Though gravitation also 
appears to be a property of electromagnetic energy and its mass (perhaps only 
another manifestation of the latter), we still know far too little about it to be 
able to draw any definite conclusions. 

The indeterminacy principle is really only another way of express¬ 
ing the indeterminacy (in space or time) of the wave-processes, em¬ 
phasizing the special relation to the quantity A. According to this 
principle, all statements concerning systems of atomic size are neces¬ 
sarily affected by a certain degree of indeterminacy, in so far as they 
concern single processes. Statistical conclusions concerning a large 
number of processes can, however, be deduced from wave-mechanics 
with any desired degree of certainty. Thus, for example, we can never 
know whether one particular selected molecule rebounds in accordance 
with classical mechanics when it collides with another molecule; but 
we can and do know that the average behaviour for a very large number 
of molecules is very nearly in accordance with classical mechanics, and 
the extent of the discrepancy (due to particle diffraction) can be 
calculated with any desired degree of accuracy. 

16. The Wave-mechanical Interpretation of Radioactive 
Processes 

Distribution of Potential near the Nucleus.—The fundamental 
experimental data are provided by the investigations of Rutherford. 

♦ This is not to be taken in any material sense, but simply as a convenient way 
of expressing the fact that all observable elementary processes are discontinuous in 
character. 
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In order to understand their interpretation, imagine a positively- 
charged particle to be gradually brought up towards an atomic nucleus, 
all the distances involved being small relative to the dimensions of the 
whole atom. At first the particle will be repelled. According to the 
ex})eriments referred to on p. 87, these repulsive forces obey the 
inverse square law down to distances of about 10“^^ cm. and often 
even less. On the other hand, at very small distances from the centre 
of the nucleus forces of attraction must occur; otherwise the nucleus 
would fly to pieces. Thus the distribution of potential must be of the 
form shown in fig. 27: the nucleus must be surrounded by a so-called 
pot(‘ntial barrier. In order to penetrate into the nucleus, a positive 
particle has to get past this barrier. According to the ordinary laws of 
classical electrodynamics, it must therefore possess an initial energy 
which is at least as great as the height of the barrier. Now experiment 
shows that this is in fact not the case. For exam})lo, the investigations 
of Rausch von Traubenheko (p. Ill) prove that i)rotons of very low 
energy (about 10'* volts) are able to penetrate into nuclei for which 
the height of the barrier (as 
det(‘rmined by the scattering of 
a-])aTticles) is of the order of 10® 
volts. At th(\se low energies, 
however, the probability of pene¬ 
tration is very small. Mon^- 
over, the reverse behaviour had 
been previously observed by 
Rutherford. In the bombard¬ 
ment of uranium atoms with a-particles from ThC' (energy — 14 X 
10 ® erg) there is no appreciable deviation from the inverse square law. 
Here the nearest approach to the uranium nucleus is 3 x 10“*^ cm. 
(see p. 84). It is certain, therefore, that the distance of the maximum 
of the potential barrier (fig. 27) from the centre of the nucleus is less 
than 3 X 10“^*^ cm. for uranium, and that its height is greater than 
14 X 10~® erg. A similar distribution of potential also holds for the 
neighbouring heavy atoms in the periodic table. Yet when uranium 
disintegrates it emits a-particles with an energy of only G-fi X 10“® erg. 
Thus although their energy is less than the height of the barrier, 
a-particles are clearly able to get out of the nucleus, i.e. to get past 
the barrier. This behaviour corresponds exactly to the penetration of 
protons of low energy into nuclei. On the basis of classical electro¬ 
dynamics the phenomenon is unintelligible. Wave-mechanics, how¬ 
ever, provides an interpretation of it. 

Wave-mechanical Theory of Nuclei.—To take an optical simile 
(cf. p. 262), the nucleus is like a region of variable refractive index, 
in which the material waves of bombarding elementary particles are 
totally reflected. In optical total reflection a part of the wave-motion 
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Fig. 27 .—Probable form of the potential curve 
in the neighbourhood of a nucleus 
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passes into the reflecting medium, where its presence may be demon¬ 
strated by the experiment referred to on p. 58 of Vol. IV. The am¬ 
plitude of the waves shows a very rapid exponential decrease as the 
distance from the reflecting interface increases. In the same sort of way, 
a portion of the material waves passes through the potential barrier. 
Hence the probability that particles may be encountered on the far 
side is a finite one. This probability becomes smaller as the energy of 
the particles is decreased relative to the height of the barrier. Hence 
radioactive nuclei are clearly those that contain a-particles with an 
energy which is comparable with the barrier height. From considera¬ 
tions of this sort Gamow has calculated the probability of the escape 
of a-particles through the potential barrier of a disintegrating nucleus. 
The following formula is found for the disintegration constant A (see 
p. 23): 


log,A = 


ICttc 

~h~ 


'\/7n(Z — 2)rQ — 


8^c2 (Z-2) 

h V 


+ 




in which c is the mass of an electron, m the mass of an a-particle, 
the distance of the maximum of the potential barrier from the centre 
of the nucleus (i.e. the effective nuclear radius), Z the atomic number 
of the element under consideration, and v the velocity with which the 
a-particle leaves the nucleus. Substituting the numerical values and 
using a mean value for Tq (namely Tq = 10“^^ cm. for the heavy radio¬ 
active elements) in the last term, which is insensitive to changts of 
Tq, we obtain for A (in sec."^) the expression 

logjoA = 4-1 X 10« v/(Z - 2)r„ - 1-19 X 10“ - + 2047. 


From this we see that the Geiger-Nuttall relationship (p. 23) is 
only a first approximation. Its comparative accurac^y is due to the fact 
that Z, V, and Tq are nearly constant for all the radioactive elements. 
Deviations from the Geiger-Nuttall relationship can be understood in 
the light of the above equation, which is also iipplicable (after suitable 
transformation) to artificial transmutation processes. Thus e.g. in 
fig. 11, p. 24, the point for AcX lies off the Geiger-Nuttall line 
because here the velocity of the a-particles is less than for the 
preceding element RdAc. 

Theory of y-ray Emission.—The emission of y-rays which is observed 
in a large number of radioactive transformations was at first thought 
to be due to the motion (or rearrangement) of the j3-particles (electrons) 
within the nucleus. Accumulated evidence of various kinds leads, 
however, to the view that the y-rays are probably produced in the 
main by the rearrangement of a-particles or protons. There are two 
principal lines of inquiry which point in this direction: the investi¬ 
gation of (1) the long-range a-rays emitted with small intensity by 
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RaC and ThC, and (2) the “ fine structure ” in the ranges of normal 
a-rays. The investigation of the y-rays produced in artificial atomic 
transmutations also provides evidence in the same direction. 

Rutherford and his co-workers were able to show in 1931 that 
the long-range a-rays from RaC fall into distinct groups with charac¬ 
teristic ranges. By means of the Geiger relationship (p. 17), amplified 
by a correction term, it is possible to calculate from these ranges the 
velocities (and hence the energies) of the a-particles in question (see 
Table XXXII). The energy differences in column five of the table are 
calculated with due allowance for the recoil (see below). 


Table XXXH 
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The remarkable fact emerges that certain of the observed y-ray 
frequencies correspond exactly to energy quanta which are equal to 
the energy difference between long-range a-ray groups and the main 
a-ray group. (See last column of Table XXXII.*) This may be 
expressed in the following significant equation: 

Ar = E* — E„, 

whore hv is the y-ray quantum, E;^ the energy of the itth group of long- 
range a-rays, and E^^ the energy of the normal a-rays. The analogy to 
the Bohr quantum condition for the emission of optical spectra is 
complete. We are therefore led to conclude that the emission of an 
a- or j8-particle causes a disturbance of the nucleus of such a kind that 
nuclear a-particles are raised to “ excited ’’ energy levels. As the 
experiments show, these excited levels must be fairly sharply defined. 
Soon after, the excitation energy is emitted as a y-ray quantum of 
corresponding definite energy, the nucleus thereby reverting to its 

* The empty spaces in the last column of the table presumably correspond to 
y-rays of such low intensity that they have escaped observation. Observed y-rays 
not included in the table may be interpreted as correspondin^r to energy ditferences 
between higher a-ray groups (not between an a-ray group and the main a-ray group). 
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‘‘ normal ” state in much the same way as an atom reverts to its 
normal state by electronic transitions with optical emission. 

The subsequent radioactive disintegration for the most part in¬ 
volves nuclei whose a-particlcs are all in their lowest levels; but a 
small number of a-particles (if the decay constant is large enough, an 
observable number) arc expelled from higher energy levels, and so 
constitute the long-range a-particles. Their excess of energy (relative 
to the normal a-j)articles and with due allowance for recoil) is thus a 
measure of the excitation energy of the level in question. The relation 
to the y-ray energy quantum follows at once. 

The second line of inquiry which leads to the same conclusion is 
the investigation of the ranges of the normal a-particles. It is found 
that these fall into groups with very slightly dilleriiig velocities. Five 
such groups are found, for example, for ThC. 

This “ fine ^structure ” was discovered by measurement of the radii 
of curvature of the paths of the particles in the very powerful and 
extensive magnetic fields made available by the large Paris magnet 
(Rosenulum, 1931). It found that the energy differences between 
the different groups agree remarkably well with the values of the 
quanta of the observed y-rays (e.g. for ThC). For reasons which cannot 
be discussed here, the long life-period of ThC precjludes the theory given 
above as an explanation of the appearance of different a-ray velocities. 
Hence we must conclude that after the ex})ulsion of an a-particle the 
nucleus is left in an excited ” state, and that it subsequently reverts 
to its “ normal ” state with emission of a y-ray quantum. The energy 
(or range) of the expelled a-particle thus determines the magnitude of 
the y-ray quantum (i.e. its frequency); if the former is smaller, the 
latter is correspondingly greater. 

The allocation of y-rays to differences between energy levels of 
a-particlcs within the nucleus appears to be further supported by the 
observations of Rutherford and his co-workers on actinium eman¬ 
ation. This is found to emit two groups of a-rays with an energy 
difference of about 340,000 volts, «as well as an intense y-radiation of 
exactly corresponding frequency. The )S-radiation is only feeble. 

Experiment shows that (with the exception of RaE and RaF) 
jS-ray changes are also accompanied by intense y-radiation. So far, 
however, it has not been possible to extend the theory to cover this 
phenomenon. 

In certain cases of artificial nuclear transmutation (p. 109), notably 
for Be, y-rays are found to be emitted (Bothe and Becker, 1930). 
According to what has been said above, this may be interpreted by 
supposing that the bombarding proton, on being captured, raises the 
nucleus into an excited state from which it passes over to the normal 
state of the new nucleus with emission of a y-ray quantum. 



CHAPTER VI 


Molecular Structure 

A. Molecular Spectra (Band Spectra) 

1. General Discussion of Band Spectra 

Structure of Band Spectra. —Spectra are often observed whicli 
contain so many lines crowded close together that in spectroscopes of 
small resolution they give the impression of being continuous. Figs. 
12 and 13 of Plate XIV, facing ]). 160 of Vol. IV, give an idea of the 
apj)earance of spectra of this kind, which are referred to as band 
spectra. Closer investigation has shown (see further below) that these 
bands are emitted by molecules, whereas ordinary line spectra are 
emitted by atoms. Wo are now able, not only to state in many eases 
the exact chemical molecule to which a given band spectrum belongs, 
but also to deduce from the band spectrum certain important physical 
and chemical properties of that molecule. Molecular s])octra usually 
show a characteristic distribution of intensity, there being several more 
or less narrowly bounded spectral regions in which the intensity falls 
off (either towards longer or towards shorter wave-lengths) from a 
certain definite point called the head of the baud. The band is said to 
be degraded towards the red or towards the blue, as the case may be. 
The general appearance is often that of a channelled or fluted band, 
though in spectrographs of very high dispersion the “ bands ” prove 
to be built up of lines arranged with great regularity. These lines 
form an array which often stretches in both directions from a gap in 
the band (see fig. 1). 

A band, then, is an assemblage of a large number of lines. A large 
number of bands together form a band system, and, finally, several such 
band systems may be comprised in the complete spectrum of a given 
molecule under given conditions of excitation. 

It has been found possible to recognize this threefold structure 
in almost all cases of molecular spectra. The band systems, which may 
consist of only a few bands or of well over a hundred, may lie in 
different regions, e.g. one system in the visible and one in the ultra¬ 
violet. Each of these systems is found to be built up of a regular array 
of bands, and each of the bands in turn to be built up of regular arrays 
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of lines. In certain circumstances neighbouring 
bands may overlap, thus obscuring the regu¬ 
larity of arrangement of the lines and making 
the analysis very difficult. 

A number of items of evidence may be 
adduced to prove that the bands of a system 
all belong to the same molecule. Thus they are 
all similarly influenced by an alteration of the 
conditions of excitation, and in particular dis¬ 
appear simultaneously when the conditions are 
such that the chemical individual to which they 
are due must be siip])osed to have ceased to 
exist in the system. Again, they all have the 
same general appearance, being all degraded 
towards the same side. Most important, how¬ 
ever, there are relatively simple relationslji})8 
between them (see below). The occurrence of 
band systems in different spectral regions, on 
the other hand, is somewhat less regular and 
depends very much on the conditions of ex¬ 
citation. Hence the relation between band 
systems situated in widely separated spectral 
regions can usually be established only by a 
close analysis of their structures. 

Now it is remarkable that a threefold char¬ 
acter is also found in connexion with the spectral 
regions in which molecular emission or absorp¬ 
tion of radiation occurs. Thus many molecules 
are known to give spectra in the far infra-red 
(about 150^ to 30/x) and in the near infra-red 
(about to Ifx), in addition to the above- 
mentioned band spectra in the visible and ultra¬ 
violet. The spectra in all three regions belong 
to the same molecular species. Moreover, it is 
found that the absolute frequencies of the 
infra-red groups are of the order of magnitude 
of the frequency differences occurring in the 
corresponding visible and ultra-violet band 
spectra. Thus the average frequency of the 
group in the far infra-red is approximately 
equal to the frequency differences between the 
lines within a band\ while the frequency of the 
group in the near infra-red is approximately 
equal to the frequency differences between the 
bands within a band system. 
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The facts enumerated below show that the longest-wave spectra 
(far infra-red) are connected with the rotations of the molecules— 
so-called pure rotation spectra —while the shorter-wave infra-red 
spectra are connected with the internal vibrations of the molecules, 
u])on which are superimposed the rotational motions just referred to 
- so-called rotation-vibration spectra. Finally, the com})lete band 
spectra (visible and ultra-violet regions) are connected with electronic 
transitions which determine their spectral region, the band systems 
being connected with the superimposed molecular vibrations and the 
individual bands being connected with the superimposed rotations of 
the molecules. 

Model of a Diatomic Molecule. —In order to illustrate the above 
interpretation, we shall consider the possible states of internal energy 
of a diatomic molecule. As far as mechanical properties are coiujerned, 
we may provisionally regard such a model as consisting of two s])hcrcs 
connected rigidly together, the distance Ix'tween them being large 
compared with their diameters (dumb-bell model, cf. Vol. II, p. 45). 
The internal energy of a model of this kind consists entirely of its 
energy of rotation E^. According to p. 138 of Vol I, this is |Ict»^, where 
I is the moment of inertia involved and co is the angular velocity. 
Introducing the angular momentum J ~ Ia> (see Vol. I, p. 136), we have 

E-— -J J^/I. Here I — ^vv^iiere /w, and rtio are the masses of the 

two atoms of the molecule and r is the distance between them. 

Of the f)ossible rotations, there occur at ordinary temperatures 
only those for which the moment of inertia has a sufficiently high 
value. For example, rotation about the axis of the molecule (i.e. the 
line joining the two atoms) obviously does not occur, as is proved by 
the absence of the corresponding degree of freedom in connexion with 
the specific heats of diatomic gases (see Vol. II, p. 45; also this volume, 
Chap. VII, p. 412). 

The assumption that the two atoms are rigidly connected together 
is certainly too specialized. A study of specific heats shows that nev/ 
degrees of freedom appear at sufficiently high temperatures. The 
atoms must be supposed to be connected together as by a spring, so 
that any deformation (i.e. alteration of the distance between them due 
to collisions, absorption of energy, &c.) causes the nuclei to vibrate 
relative to one another. The observed variations of specific heat i ndicate 
that these vibrations are associated with rather large energies in com¬ 
parison with the ordinary thermal energy. The vibrations may be 
either harmonic or markedly anharmonic; in the former case the fre¬ 
quency will be independent of the amplitude, in the latter it will vary 
markedly with the amplitude. 

The third possible way in which the internal energy of a molecule 
may change is by a change of the electronic configuration similar to 
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those discussed for atoms. The corresponding energies are of the same 
order of magnitude as those for atoms, and as a rule, therefore, the 
•corresponding spectral emission lies in the visible or ultra-violet region. 

2. Pure Rotation Spectra 

Experimental. —In the long-wave infra-red it is possible to observe 
absorption spectra consisting of lines at approximately equal distances 
apart on a frequency scale. Spectra of this kind are given by the 
molecules HF, HCl, HBr, and HI. (The molecules HgO and KHg 
also show complicated absorption spectra in this region.) As was 
shown by Czerny (1925 and 1927), the observ^ed arrays of lines can be 
represented by the following equations, the unit of w'ave-number 
being cm.“^. 

HF: i? -= 41-086 M - 0-011879 M = 2, 4, 5. 

HCl: V = 20-8411 M - 0-001814 M =- 4, 6, 7, 8, 9, 10, 11. 

HBr: v = 16-7092 M - 0-001457 M^; M = 5, 6, 7, 10, 11, 12, 13,14. 
HI: V == 12-840 M ~ 0-000820 M 6, 7, 8, 9. 

Thus M assumes successive integral values. No absorption investi¬ 
gations have been carried out at longer wave-lengths, but the occur¬ 
rence of lines with M-values still smaller tlian those given may be 

anticipated. As may be seen from 
the formula, the line for HI with 
M = 1 must lie at a wave-length of 
nearly 1 mm., i.e. in the region of 
ultra - short electric waves. The 
oo m 50 distances between neighbouring lines 

Fig. 2 .—Rotation bands of HCl arc iiot qiiitc constant, owing to the 

second term in the formula^, but 
the deviations are very small, especially for the heavier halogens. 
Fig. 2 is a diagram of the HCl spectrum. Lines not yet observed are 
shown dotted. 

Interpretation of these Spectra. —Specific heat investigations indicate 
that in consequence of their thermal agitation molecules must possess 
internal energy in addition to kinetic energy of translation. The 
measurements lead to the rigid dumb-bell model as a first approxi¬ 
mation for diatomic molecules, the dumb-bell being able to execute 
rotations (see Vol. II, p. 45) about an axis normal to the line joining 
the two atoms. If such a diatomic molecule possesses an electric 
dipole moment (i.e. if its constituent charges are distributed unsym- 
metricaUy relative to the axis), it may be expected to send out electro¬ 
magnetic waves when it rotates, i.e. to have a rotation spectrum. The 
sharpness of the lines actually observed indicates that only certain 
quite definite energy states of the molecule arc permitted. Since we are 
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dealing with a rotator, we may expect the angular momentum to 
be determined by an integral quantum number according to the 

formula \jr \ == Vjr(jr-i~ l)o^ P- Hence, according to the 

Ztt 

formula of p. 363, the energy of rotation will be given by 

fl2 

Er jr{jr+ 1) + ^^OllStant, 


where = 0, 1, 2 . . . . The wave-number = v/c of a line of the 
pure rotation emission spectrum corresponding to the quantum 
transition (j^ -f 1) to jj. is given by 


1^1 - Ry,. 
he 


[Or + l)0*r + 2) — jr(jr + 1)] 


Sn^ic 


(jr + 3 

47r‘4c’ 


Since jr may have any integral value, transitions in which jr changes 
by unity (see selection rule below) will therefore give rise to an array 
of lines at equal distances apart on the wave-number scale. Inserting 
the observed value for HCl, for example, and remembering that 
hliiirh) = 55-4 X 10"^® e.g.s. units, we obtain I = 2-64 X 10*^^ 

gm. cm.2. Now we know that I — > where nu and nu are 

the masses of the H atom and Cl atom respectively and r the distance 
between them in the IICl molecule. The mass of a single atom is its 
atomic weight divided by Avogadi'o’s number. Hence we may calculate 
r from the above value of I. The value obtained is r ~ 1-28 X 10“ ® cm. 
The very good agreement of this with the figures obtained by other 
methods furnishes confirmation of the interpretation of the far infra¬ 
red spectra as due to the rotation of the molecules. It also proves the 
validity of the application of the general quantum condition to the 
rotational transitions of a diatomic molecule. 

We have still to give a quantitative theory of the small correction terms which 
account for the departures from equal spacing in the lines of the pure rotation 
spectra. The cause of these departures is to be found in the fact thar, as the 
velocity of rotation increases, the centrifugal force must increase the distance r 
between the atomic nuclei and hence increase the moment of inertia I. As a 
result the energy levels corresponding to higher /^-values must lie somewhat 
lower than in the simple theory above. The lines corresponding to transitions 
involving higher values must therefore have somewhat lower wave-numbers 
than they would have if I were constant. The more detailed calculation shows 
that the diminution of wave-number is proportional to {jr + 1)®. Thus this 
theory is able to account very satisfactorily for the observed facts, the quantity 
M of the empirical formulae being seen to stand for 1). From the value of 
the coefficients of M® it is possible to draw conclusions as to the “ elasticity ’* of 
the linkage between the atoms in the molecule. 

Selection Rule. —Since the rotation of the molecules is imiform, the 
Fourier analysis involves only terms of the first order, and consequently 
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according to p. 196 only those lines for which AjV = +1 are to be 
expected. This is in agreement with the observation that the lines of 
the pure rotation spectra are single; for on account of the change in 
the moment of inertia with the lines corresponding to transitions 
for which AjV > 1 would lie very close to those corresponding to 
transitions for which Ajr = 1 with other values of jV- This may 
best be seen by drawing a system of energy levels. Actually the 
fine structure to which transitions with AjV > 1 would thus give rise 
is not observed. 

3. Rotation-vibration Spectra 

Empirical.—In addition to the above absorption spectra in the 
far infra-red, the hydrogen halides also possess absorption bands in 
the shorter-wave infra-red between 5/x and 1^. The general structure 
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Fig. 3 .—Co.irsc structure of the rotation-vibration band of HC1 at 
about 3 - 40 /ji 


of a typical band of this sort is shown in fig. 3. The form is seen to be 
double (so-called double band) in the sense that a curve drawn through 
the intensity maxima of the individual lines shows two maxima. The 
wave-numbers of the individual line maxima are very well represented 
by the formula 

V = 2886-20 -f 20-5379 M - 0-30318 - 0-001814 W. 

When apparatus of greater resolving power is used, the lines are found 
to possess a fine structure. The whole bands then present a very 
regular appearance like that shown in fig. 4, which gives the results of 
recent measurements. The distance between the lines is approximately 
equal to that between the lines of the pure rotation spectra (20-5 cm.“^ 
as compared with 20-8 cm.""^). This indicates the physical cause to 
which the bands are due, namely the vibrations of a molecule with a 
dipole moment, and (superimposed upon these) the rotations. For 
this reason these bands in the near infra-red are known as rotation- 
vibration bands. 



rotation-vibration spectra 
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Theory of the Bands. —In order to understand the observed regu¬ 
larities of structure, we shall consider in detail the mechanism under¬ 
lying bands of the kind under consideration. The individual lines are 
due to transitions of the molecule from one energy state to another in 
accordance with the fundamental relation hv = — Eg. Thus we 

have first to consider the possible energy states of a diatomic molecule, 
which we may think of as a dumb-bell consisting of two heavy spheres 
joined together by a spiral spring. Such a model can possess both 
vibrational and rotational energy at the same time. The sharpness of 
the observed spectral lines indicates that we have to deal with quan¬ 
tized states. The vibrational energy E^ of the molecule is that of an 
oscillator, i.e. according to p. 264 is given by E„ — {n^ + where 

is the vibrational frequency (the vibrations being assumed har¬ 
monic) and is a quantum number which can assume integral values 



Fig. 4 .—Rotation-vibration band of HCl at about 
sliowing the fine structure under high resolution 

[From Eucken, Lehrhuch der chemischen Physik (Akademische 
Verlagsgcscllschafr, Leipzig).] 


only. Neglecting rotation for the time being, wo shall expect to find 
spectral lines corresponding to transitions from one vibrational state 
(characiterized by the quantum number n^!) to another (characterized 
by n/'). The frequencies of these lines will be given by the relations: 


According to this the frequencies (or wave-numbers) of the vibrational 
lines (each of which, as we saw above, is really a double band) must 
be integral multiples of a fundamental value. Actually this is found 
to be only approximately true. The reason for the discrepancy lies 
in the departure of the vibrations from pure harmonicity. As we need 
not prove in detail here, the energy of an anharmonic oscillator to a 
first approximation is E^ = (w^,-f-i)AF()[l — a?(n^-|-|)|, where x is 
a measure of the anharmonicity. The observed facts can be well 
accounted for by expressions of this kind. 

Upon this vibrational motion is superimposed the rotation of th 2 
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molecule. We have seen on p. 366 that the rotational transitions are 
limited by the selection rule AjV = ±1- In the case of the anharmonic 
oscillator, on the other hand, the Fourier analysis contains terms of 
all orders, and hence transitions can occur in which the vibrational 
quantum number changes by any integral amount. The individual 
lines of a rotation-vibration band corresponding to the vibrational 
transition will therefore be given by 


e; -f E/ E, 


A 


’ + E/' , E/ ■ 

H- 





where E/ and E^" are the rotational energies of the initial and final 

states respectively, and is the 
frequency of the line to be ex¬ 
pected from the pure vibrational 
transition without alteration of 
rotational energy. In fig. this 
is represented in the form of a 
system of energy levels. Only 
four vibrational levels are shown 
= 0, 1, 2, 3) and only three 
rotational levels 2, 3) 

above each of them. Thus each 
vibrational level acquires a fine 
structure by the superposition 
of the rotational levels. The dis¬ 
tance betw^een successive vibra¬ 
tional levels is of the order of 
1000 cm.“^, w^hile that between 
successive rotational levels is 
only of the order of 10 cm.“^. 
Consideration of the diagram 
leads us to expect, for each 
vibrational transition, a central line corresponding to the pure vibra¬ 
tional change without alteration of the rotational energy, and on 
either side of this a symmetrical array of lines at approximately 
equal intervals, corresponding to different rotational transitions. 
The array extending towards greater frequencies must (as may be 
seen from the formula) correspond to changes in the rotational 
energy for which (in absorption) the quantum number increases 
by unity—^the so-called E-branch, Similarly the array extending 
towards smaller frequencies must correspond to changes in rota¬ 
tional energy for which (in absorption) jr decreases by unity—the 
so-called P-branch. The corresponding transitions are indicated by 
arrows in fig. 5. A glance at figs. 3 and 4 (p. 366) shows that the 
observed spectra differ in some respects from those anticipated. In 
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5 -—Energy levels involved in the rotation- 
vibration spectrum of HCl 

On the right: rotational levels, much magnified. 
On the left: vibrational levels; the black regions 
comprise about 15 rotational levels. 
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the first place, the central line corresponding to the pure vibrational 
transition is absent (so-called missing line). This indicates that tlie 
molecule cannot alter its vibrational energy without a simultaneous 
alteration of its rotational energy. This can be understood in the light 
of the correspondence principle if rotation and vibration occur in a 
plane. (AjV 0 is forbidden—a selection rule somewhat analogous 
to the rule AZ 4 = 0 in atomic spectra.) The central line may, however, 
a})pear for more? complicated molecules, and its permissibility is then 
again intelligible on the correspondence principle. 

Another feature of the observed rotation-vibration spectra, is that 
the distance between successive lines is not constant, but decreases 
as we pass to higher wave-numbers. 

^l"his systematic alteration of the distance between the lines of a rotation- 
viljration band must be due to the alteration of the moment of inertia of the 
moU'ciiIe (see p. .‘}h5). The mean moment of inertia of a vibratinjjc molecule must 
be expected to differ from that of the molecule when not vibrating. Moreover, 
the centrifugal force which comes into piny during rotation must alter the strength 
of the linkage betwoc'n the atoms and so must alfect the vibrations. There must 
therefore be an interaction bt‘twe(‘n vibration and rotation. This can in fact 
be calculated, and the obscTved variations of the spacing of the lines can be well 
accounted for. 

Effect of Isotopy. —The above considerations provide a satisfactory 
explanation of all the observed features except one—the doubling of 
the lines for HCl (clearly visible in fig. 4, p. 367). It can be easily 
proved that this doubling is due to the isotopy of chlorine, i.e to the 
existence of two sorts of chlorine atoms with atomic weights of 35 and 
37 respectively. 

If the mass of an oscillating body is increased, the elastic forces Ixung kept 
constant, the frequency is lowered (cf, the effect of loading of a tuning fork wdth 
a pellet of adhesive wax). Thus we must expect the vibrational frequency of 
to be low er than that of HC'P®. Now' the isotopes are present in ordinary 
chlorine in the approximate ratio Cl®’: CP® —1:3. Hence the intensities of 
their respective effects may be expected to be in this ratio. The data represented 
in fig. 4, p. 367, prove that this is indeed the case for the two components of 
each line. The frequency difference between the components can also be calculated. 
The frequency of vibration of a diatomic molecule is given by the formula 

in which / is the restoring force per unit displacement and g is the reduced mass 
calculated according to the equation 

^ ~ -h - » 

[X nil 

where and are the masses of the two atoms. Since the electronic con¬ 
figuration is the same for both isotopes, the value of / is the same for both. It 
follow^s that the ratio of the two frequencies is equal to the inverse ratio of the 
(E 957) 25 
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square roots of the reduced masses. The relative difference between the frequencies 
for HOP® and HOP’ (i.e. the ratio of the actual difference to the frequency of 
either) is therefore given by 

^ = 135 ^ I _ /(^36 ^ 

V V 35 A/ 1 X 37 1300 

In the band shown in fig. 4, p. 367, the average value of v is about .5000 cm.”', 
while the observed value of 3v is about 4 cm."^ The agreement with theory is 
seen to be very good. The moment of inertia of the molecule also depends on 
the masses of the atoms, and is therefore different for the two isotopes. A fine 
structure is therefore to be expected in pure rotation spc^ctra as well as in band 
structure due to rotation. These fine-structure separations are small, but have 
boon observed in certain cases. 

The effect of isotopy upon vibrational frequencies provides an 
extremely important means, not only of detecting the presence of 
isotopes, but also of determining their masses. Both as regards sensi¬ 
tiveness and accuracy this method can compete with the direct mass- 
spectrograph method (p. 99), and in many cases has indeed proved 
superior to it. 

4. Molecular Spectra involving Alterations of Electronic 
Energy 

Band spectra also occur (both in emission and in absorption) in the 
visible and ultra-violet regions. Probably the best known is the 
cyanogen band spectrum which is situated in the violet and always 



Fig. 6.—Cyanogen bands 

[From Handbuch der Physik, Vol. XXI (Springer, Berlin).] 


occurs in the spectrum of an electric arc between carbon electrodes. 
It consists of several groups of bands, each of which consists in turn 
of several partial bands extending towards shorter wave-lengths from 
sharply defined “ heads ” (see fig. 6). Under greater resolution these 
partial bands are found to have a very regular structure of sharp lines 
(see fig. 7). As a result of the most varied experiments on their excita¬ 
tion and on the properties of the parent molecule, these bands have 
been shown to belong to the compound ON. The distances between 
the partial bands is of the order of magnitude of the vibrational fre¬ 
quency of the molecule, while the spacing of the lines in the bands is 
of the order of magnitude of the rotational frequencies. It is there- 
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fore assumed (this assumption will be fully justified below) that the 
bands are rotation-vibration bands associated with a simultaneous 



Fig. 7 .—Group of bands in the cyanogen spectrum at 
about X =- 3883 A.U. An ^ o 

[From CJraff, Grundriss der Astrophysik (Teubner, Leipzig),) 


alteration of the electronic configuration of the molecule. The rela¬ 
tively large energy difference involved in the electronic transition 
det(^rmines the general position of the spectra, namely, in the visible 
or ultra-violet, which, as we know from atomic spectra, is the spectral 
region corres])oriding to transitions of this kind. 

Thus three sorts of molecular energy are involved in the emission 
of each line; the electronic, the vibrational, and the rotational. Each 
ek'ctronic configuration is associated with a system of vibrational and 
rotational levels like that shown in fig. 8. The energy of the molecule is 
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I'ig. 8 .—Cicneral diagram of the energy levels of a molecule (not to scale) 

[From Handbuch der ExperimentaJphysik, Supplementary Vol. I (Akademische 
V'erlagsgesellschaft, Leipzig).] 


determined for the most part by the electronic configuration, but 
instead of one level we have in the first place a series of levels, accord¬ 
ing to the magnitude of the quantized vibrational energy. These are 
shown in the figure to the left, the vibrational quantum number being 
here denoted by v. Each vibrational state is in turn associated with 
a series of levels according to the magnitude of the quantized rotational 
energy. In the figure the vibrational levels shown on the left are drawn 
again on the right, each with its rotational levels. In the shaded region 
above the dotted vibrational level on the left the molecule decomposes 
as a result of its energy of vibration. The figure represents a case in 
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which the energy of the molecule when rotating as well as vibrating 
may exceed the critical value for vibration alone. The upper levels at 
the tops of the arrows on the right represent the maximum possible 
rotational energies for the respective vibrational states. Above these 
levels the molecule flies to pieces as a result of its energy of rotation. 

In the case of rotation-vibration spectra we have seen that the 
simultaneous occurrence of rotation and vibration alTect s the rotational 
and vibrational states to a considerable extent. This was particularly 
noticeable in the rapid decrease of the spacing of the rotational lines 
with increase of frequency. The effect of alterations of the electronic 
configuration is very much greater. Often, indeed, we may speak of 
completely different molecules, having different strengths of linkage 
and different moments of inertia, according as we are dealing with an 
excited or a non-excited state. 

A particular band system corresponds to a large number of transi¬ 
tions, all of which have a common initial electronic level and a common 
final electronic level. This is proved by the experimental conditions 
under which the system is produced and by the fact that the whole 
system behaves in the same way if these conditions are altered. The 
electronic transition, i.e. the magnitude of the change of electronic 
energy, fixes the general spectral position of the system as a whole. 
Thus, for examplti, in addition to the violet system of cyanogen bands 
mentioned above there is also a red system, which is ascribed to a 
different electronic transition (p. 379). 

The Rotational Structure of the Bands. —In rotation-vibration 
bands (in the near infra-red, see above) we have two approximately 
symmetrical branches, the P-branch and the K-branch, extending on 
either side of the “ missing line As we mentioned above, visible and 
ultra-violet band-spectra involve transitions between different elec¬ 
tronic states in which the distances between the atomic nuclei (and 
hence the moment of inertia), being dependent on the forces linking 
the atoms and therefore on the electronic configuration, vary con¬ 
siderably. In addition, the electronic motions in general possess a 
resultant angular momentum which combines vectorially with that of 
the rotation of the molecule as a whole. In considering the coarse 
structure, however, this angular momentum may be neglected. Let 
the rotational energies of the initial and final states be respectively 

E/ = + 1) = B'chjr’{j;+ 1) 

and 

E/' = giirj'/'OV" + 1) = ^"Ch3r"{jr" + 1). 

Thon the wave-number v of the emitted line is given by 

v = ?, + V. -f B'i/ov + 1 )- -f 1), 
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where and are the contributions due to the changes of electronic 
and vibrational energy respectively. In this connexion it should be 
noted that the presence of an angular momentum of the electronic 
configuration renders permissible transitions without alteration of 
rotational state, so that AjV = 0 is no longer forbidden (compare 
p. 3()6). Denoting by j the rotational quantum number of the final 
state (i.e. j^" in the above equation for v), we have: 

for Aj, +1: V == + V, + (B' - B")f - (B' + B")i; 

for Ar, - 0: v ^ + v. + (B' - B")/ + (B' ~ B")i; 

for Aj, ^1: B")(j +1)2+ (B' -f B")(j + 1). 

Thus here there are in general three branches. They are known as the 
B-, Q-, and B-branches respectively. The quantum number j of the 
final state of the transition may assume any positive integral value, 
including zero, except in the case of the P-branch (Aj,.— +1), where 
the smallest value of j is clearly 1 (transition 0->l). Adopting the 
conventions 

A, B' + B" = 2B, and B' - B" = C, 


we obtain for the P-, Q-, and R-branches respectively 

v, = A-2Bj + C/; 

^.^.^A + Cj + Cf; 

v„ = A + 2B(i+l) + C(i+l)2. 


If the moments of inertia in the initial and final states are equal, i.e. 

if C = B' - B" - 0, the 

Q-branch reduces to a single 

line with i/g =-A, while the 8- 



other two branches extend 
asymmetrically (see formulae) 
on either side. In this case 
the spacing of the lines in 
the P- and R-branches is 
uniform, since the terms in 
vanish. 

The structure of a band 
can best be represented by 
means of a diagram of the 

kind first used by Fortrat. Wave-numbers are plotted as abscissae 
and j-values as ordinates (so-called Fortrat diagram). Fig. 9 shows the 
special case (0 — 0) just mentioned. The corresponding spectral lines 
are indicated below the diagram on the same wave-number scale. 


~'i r7nT~n-| TTi' i rn 

Fig. g .—Fortrat diagram of a band (C = o) 
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Actually, as we stated above, the moments of inertia in the initial 
and final electronic states generally differ markedly, so that C has a 
value different from zero. Consequently the quadratic terms in the 
expressions for v do not vanish. Their effect becomes especially pro¬ 
nounced for the higher values of j. In the normal case the moment of 
mertia in the initial state of higher excitation is greater than that in 
the final lower state; for the higher excitation means that the electrons 
are on the whole farther from the nuclei, which as a rule means that 


the linkage is weakened and the nuclei move farther apart. Here 
r > r', so that B' < B" and C is negative. The corresponding Forth at 
diagram is shown in fig. 10. Owing to the negative value of C and the 



preponderance of the quad¬ 
ratic terms for high values of 
j, the B-branch bends back 
as shown in the figure. As 
we see from the spectral Htk's 
below the diagram, there is 
a crowding together at the 
right-hand end (the so-called 
hand head). The band extends 
from this head towards the 
left (i.e. in the direction of 
decreasing v). Such a band is 
said to be degraded to the red. 
D(^gradation in the opposite 
direction is obtained when C 


has a positive value, i.e. when the moment of inertia of the mole¬ 
cule is greater in the final state than in the initial state of the 
transition. In this case an increase of the average distance of the 
electrons from the nuclei increases the strength of the linkage between 
the atoms. The formute show that here it is the P-branch that bends 


back at the higher values of j. The head of the band is thus on the 
red side and the band is degraded to the violet. 


Analysis of the partial band with its head at 3883 A. in the cyanogen system 
shown in fig. 6, p. 370, gives 2B = 3-843 cm.~^ and C — 0-0673 cm.“^. The bands 
of this system have no Q-branch. The smallness of C indicates that B' and B" 
are very nearly equal, i.e. that the moments of inertia of the molecule in the 
initial and final states are nearly the same. Under these circumstances it is 
sufficient to calculate an average moment of inertia I^. According to p. 365 w e 
have 


6-55 X 10-27 
^ 127t2 X 3-843 X 10 ^^ ‘ 


■ 1-44 X 10“2® gm. cm.*. 


Substituting the known masses of the C and N atoms in the equation 

I = ^2 

^ (m, -f mg) 
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wo obtain the value r — 1*16 X 10“8 cm. for the distance between the atoms in 
the CN molecule. This is of the order of magnitude to be expected from other 
considerations. It is also of interest to work out the magnitude of the linear 
velocity of the nuclei when they arc rotating with the rotational frequency corre¬ 
sponding to the lowest rotational state. The value obtained is about 100 metres 
per sec. 

Distribution of Intensity. —^As may be seen from figs. 3 and 4, p. 366, 
the intensities of the rotational lines in rotation-vibration spectra 
increase to a maximum as increases and then fall off again. This 
is due to thermal motions. Just as in the case of translational energy, 
where at each temperature there is a most probable velocity (see 
Vol. II, fig. 5, p. 48), so also there is a most probable rotational energy 
at ea(;h temperature. All the other rotational energies, larger and 
smaller, occur less frequently. The smaller the distance between the 
energy levels, the higher is the value of jj. corres])onding to the most 
probable energy for a given temperature. In many spectra the in¬ 
tensity maximum lies at a value near to that at which the P- or 
R-branch turns back (see fig. 10, p. 374). Hence the intensity is at its 
greatest by far at the band head. For this reason measurements on 
bands were formerly referred to the band head; but as we have shown 
above, the position of the head is not of very fundamental significance. 
Kot until the measurements were referred (originally by Heurlinger) 
to the band origin (i.e. the line for which jV = 0 in the Q-branch) could 
the regularities of the band structure b(‘ fully brought to light. 

This distribution of rotational energy is also the reason for the non-occurrence 
of rotation of a diatomic molecule about the line joining the nuclei as axis. The 
moment of inertia U about this axis is extremely small in comparison with the 
moment I considered above, which refers to a perpendicular axis. Hence the 
rotational energy 

is so high, even in the lowest rotational state (jj.~ 1), that an appreciable number 
of molc'cules could only be found in this state at extremely high temperatures, 
i.e. under conditions where the molecules would probably no longer be stable. 
Thus w'c see that the allocation of a restri<*ted number of degrees of freedom, 
as in the treatment of specific heats, depends ultimately on the quantized be¬ 
haviour of the molecules in question. The very early conclusions of Boltzma2<n 
therefore held the germ of the quantum theory—a fact wdiich, as is shown by 
remarks in his papers, Boltzmann himself dimly realized (see footnote to p. 150). 

In consequence of the statistical energy distribution, the distri¬ 
bution of intensity in the rotational lines depends on the temperature. 
At low temperatures only the levels with low quantum numbers are 
present in appreciable proportion; and at a given temperature the pre¬ 
ferred levels are lower the greater energy differences between the levels, 
i.e. lower for molecules with lower moments of inertia. The moment 
of inertia of Hg, for example, is particularly small, on account of the 
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small mass of the H atom. Here even the first rotational level (j^ — 1) 
is relatively high, several hundred cm.“^ as compared with about 
20 cm.~^ for HCl (cf. p. 364). Hence at very low temperatures only 
a very small proportion of Hg molecules possess even one rotational 
quantum. This means that rotation is practically absent, and with it 
the corresponding degree of freedom. Thus at moderately low tem¬ 
peratures the Hg molecule behaves, as regards specific heat, as a 
monatomic gas (see Vol II, p. 45). 

The magnitude of the vibrational frequency of molecules, which 
for Hg is about 2000 cm.~^, at once makes it clear why molecules can 
be regarded as rigid structures (e.g. rigid dumb-bells) for considera¬ 
tions of specific heat. For as a result of the statistical distribution of 
energy amongst all the degrees of freedom, only a small proportion 
of the molecules will have an energy corresponding to these large 
vibrational frequencies. A frequency of 1000 cm.~^ corresponds to 
the mean energy of a gas molecule at 1000° Abs. (see Table XVI, p. 179). 
Only at very high temperatures, therefore, will the number of vibrating 
molecules become sufficient to cause an appreciable rise in the specific 
heat. 

Vibrational Structure of the Bands. —The energy level diagram 
of the CN molecule shows that the vibrational levels are not equally 

An=^^2 Art"-] An^-O An-'^-l 
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.—Analysis of the band heads of the cyanogen spectrum 

Wave-numbers in cm.~^ 


22142 

24072 

25967 

27894 

22059 

23986 

25933 

27878 

21957 

23911 

25886 

27847 

21837 

23820 

25826 


21705 

23713 

25739 



spaced. This is due to the slight anharmonicity of the linkage (p. 369). 
If we neglect the rotational structure, the regularities of the vibrational 
structure of a band system can best be studied by considering the 
position of the band origins, A less accurate but more convenient 
method is to consider the band heads (fig. 11). As was first shown by 
Deslandres, the wave-numbers of the band origins (or, less accurately, 
of the band heads) can be represented by an equation of the form 

i? = a -f 6n + 

in which n has integral values. In order to understand the physical 
significance of the constants a, 6, and c of this eqU£itron, we shall con- 
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aider the mechanism of production of the lines. We have already 
represented the lines of a band by a general expression involving three 
constants. The wave-numbers in the Q-branch are given by 

Vq = A -f Cj H- C/. 

If we neglect rotation, the wave-number of the band origin (j ~ 0) is 
given by 

(see p. 372). Now, using the energy formula for an anharmonic oscil¬ 
lator (see p. 367), we may write in the form 

V. {< + i)V[i - + i)] - + i)i 

in whic^h quantities with a single dash refer to the initial state and 
quantities with a double dash refer to the final state. If is kept 
constant, we get a so-called n,/-progression, the wave-numbers in 
which are given by an equation of the form 

— A' B'ti/ -f- 0^(7?-^')^, 

where A', B', and C' are constants. Similarly, if is kept constant, 
w^e get a so-called "-progression with a general equation of the form 

V,-- A"-f B'V' + C"(n;')^. 

Both these forms are seen to be that of the Deslandres equation 
given above. 

The very satisfactory way in which the wave-numbers of the band origins 
can be calculated from the above expressions is illustrated in Table XXXllI, 

Table XXXIII.— Wave-numbers or the Band ORifUNS of 
THE Violet Cyanogen Bands 


n/ n/' 

Observed (cin.“^) 

Calculated (em.~^) 

0 -<) 

25.797-83 

25,797-83 

0-1 

23,755-44 

23,755-44 

0-2 

21,739-54 

21,739-55 

1-0 

27,921-30 

27,921-38 

1-1 

25,879-00 

25.878-99 

1-2 

23,803-00 

23.863-10 

1-3 

21,873-40 

21,873-71 

2-1 

27,962-70 

27,962-04 

2-2 

25,945-50 

26,946-15 

2-3 

22,956-50 

23,956-76 


Comparing the positions of the band heads, as given in fig. 11, with the quantum 
transitions given in the first column of Table XXXIII, we see that transitions 
from a given initial state (i.e. n/ = constant, say ~0) to different final states 
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(e.g. =0, 1, 2, 3) give rise to lines whose distances apart are equal to those 

between the different groups of bands in the band system. This distance is char¬ 
acteristic of the magnitude of the vibrational cjuanta. On the other hand, the 
band origins (or heads) of a particular group of bands are all due to transitions 
with the same value of Aw,y ” For example, in the cyanogen system 

of fig. 11 all the members of the first group on the left have = — 2; the 
members of the second group all have = —1; those of the third all have 
Ar/„ = 0; those of the fourth all have Aw^ = -fl. Thus the structure of the 
band groups is an expression of the inequality of spacing of the vibrational levels, 
i.e. is due to the anharmonicity of the linkage. 

5. Electronic Configuration of Molecules 

In many band spectra all the lines are found to be double; in some 
they are all triple. It has been shown that the reason for this lies in 
the multiplicity of all the energy levels belonging to a given electronic 
configuration. On the assumption that all the electrons of a molecule 
form one coherent system, as is the case in an atom, Mulliken suc¬ 
ceeded in demonstrating analogies in the spectra of molecules and 
atoms of corresponding structure. Thus the first excited energy level 
of BeO (and other molecules possessing 9 outer electrons) is double, 
just as for Na with its 9 electrons outside the K-shell. Moreover, the 
separation of the components has the value to be anticipated accord¬ 
ing to p. 312 for a doublet separation due to electron spin. A large 
number of analogies of this kind have been discovered. Further, a 
considerable number of different electronic levels have been deter¬ 
mined for some molecules, and these have been shown to bear a close 
relationship to the levels of atoms with similar arrangements of their 
external electrons. The following are some examples of these analogies. 
Analogous to the alkali metals (complete shell + 1 electron) are BO, 
CO'^', CN, and all of which have 13 electrons which may be allotted 
to shells thus: (2K + 2K) 8L + 1. The molecule Ng with 14 elec¬ 
trons [(2K + 2K) + -)- 2] not only shows the multiplicity of Mg 

[2K -f 8L -f 2], but actually has the same component separations 
(20 cm.“^ and about 41 cm.“^) as the 2^P levels of Mg. The molecule CO 
(14 electrons) is also analogous to Mg. A large number of the electronic 
energy levels of this molecule are known. Their relationships to the 
corresponding levels of Mg are shown in fig. 12. 

From the above facts we learn that the formation of a molecule 
from atoms with completed K-shells leaves these shells intact. This 
is to be expected from considerations of energy; for a very large energy 
would be required to break into a K-shell. The Pauli exclusion prin¬ 
ciple (p. 331) states that only two electrons can enter the K-shell, so 
that in a molecule only two electrons could encircle both nuclei in 
one-quantum orbits. The other two atomic K-electrons would neces¬ 
sarily be raised to two-quantum orbits. Hence we must conclude that 
the atoms in the molecule remain surrounded by their own K-shells, 
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whereas (for the light atoms considered above) the incomplete L-shells 
merge into one another. If this were not so, the above molecules with 


13 electrons would not be analogous to 
Na with its 11 electrons, but to A1 with 
its 13. A direct experimental proof of 
the intactness of the K-shells in these 
molecules is also furnished by the 
X>ray K-spectra, which arc practically 
identical with those of the free atoms. 

The second point that emerges is 
that quantum numbers and vectors, 
such as were introduced in connexion 
with atomic spectra, are also applicable 
to molecules. This is true to a very 
considerable extent, at least for dia¬ 
tomic molecules. Quantum numbers 
referring to the electronic structure of 
molecules are designated by Greek 
letters corresponding to those used for 
atoms. Thus A corr(\sponds to I and 
A to L. The resultant state of the 
molecule is also symbolized in a similar 
manner. Thus corresponds to 
and to Symbols of this kind 

are given in fig. 12. The quantum 
number s is still used for the electron 
spin. 



When the electronic configuration Mff CO 


possesses an angular momentum, it is 
the resultant anguhr momentum (com¬ 
pounded of the angular momenta of 
molecular rotation and of the elcc- 


Fig. 12 .—Relation between the 
electronic energy levels of Mg and 
CO. (7'he arrows indicate observed 
transitions.) 


tronic configuration) which is quantized. The electronic contribution 
includes the electron spins. Several cases may arise with regard 
to the coupling. For example, A and s may be very closely 
cou})led, so that they combine to give a quantized resultant 
which then in turn combines with the angular momentum of mole¬ 
cular rotation (here denoted by m) to give the resultant I. Alter¬ 
natively, the coupling between m and the orbital angular momen¬ 
tum A of the electrons may be very strong, so that these combine 
to give a resultant which then in turn combines with the spin s to 
give the resultant I. 

Symmetrical Properties and Rotational Structure. —The behaviour 


of molecules is still further complicated by the non-occurrence of 
certain transitions between states characterized by special properties 
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of symmetry. Since these peculiarities are of great importance, a 
very brief account of them may be given here. In the spectra of mole¬ 
cules consisting of two similar atoms, e.g. Hg, a remarkable alternation 
of intensity is observed in the rotational lines. In the bands of Cg 
and O 2 the alternate lines are completely absent (compare fig. 13, 
p. 382). It has been shown (Hund) that this can be explained by an 
extension of the Pauli principle to the nuclei (p. 350). It was stated 
on p. 350 that the nuclei of certain atoms possess an angular momen¬ 
tum or spin. The combination of two like atoms to give a moh'cule 
produces a system which is subject as a 'whole to quantum laws. Hence 
if, for example, the resultant electronic angular momentum is zero, 
the molecule can execute only rotations with odd quantum numbers 
jr when the two nuclear spins are parallel, and only rotations with even 
quantum numbers when the two nuclear spins are antij)arallel. 
The quantum-mechanical discussion of this behaviour in the case of 
Hg leads to the result that the probability of the parallel orieiitation 
of the nuclear spins is three times that of the antiparallel orientation. 
This is in good agreement with the observation that the intensities of 
the rotational lines in the band sjxictrum alternate in the ratio 1 : 3, 
and with the experimentally determined ratio of ortho-hydrogem to 
para-hydrogen (p. 352). 

B. Rotations and Vibratjons of Molecules and the 
Scattering of Light 

6. The Raman Effect 

When a strong beam of monochromatic light (e.g. from a mercury 
vapour lamp) is passed through a liquid (e.g. benzene) which has been 
very carefully freed from all suspended dust-particles and the like, 
the light is observed to be scattered in all directions by the molecules of 
the liquid. This effect is analogous to that referred to in Vol. IV, 
p. 232 (Rayleigh scattering). Its occurrence in the atmos])here 
accounts for the blue colour of the sky. If the direction of the obser¬ 
vation is chosen at right angles to the direction of the primary beam, 
the scattered light can be investigated independently of the incident 
light. Spectrographic investigation of the scattering gives lines of the 
same frequencies as those of the incident spectrum. 

In 1928 Raman * discovered that the scattered spectrum contains, 
in addition to the frequencies of the incident spectrum, a number of 
new frequencies (so-called Raman lines). The effect is shown e.g. in 
benzene excited by the mercury arc in the visible region. The principal 

♦ Sir Chandbasekhaba Venkata Raman, born 1888, Director of the Indian 
Institute of Science, Bangalore, and formerly Professor of Physics at Calcutta Uni¬ 
versity. He was knighted in 1929 and received the Nobel Prize in Physics for his 
discovery of the effect now known by his name. 
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exciting lines are here the strong blue and violet mercury lines. The 
Raman lines form a characteristic array on the long-wave side (and 
more feebly on the short-wave side) of each of these primary linos. If 
another liquid is taken instead of benzene, the effect is again observed; 
but now the pattern formed by the Raman lines is different. Thus the 
Raman effect depends on the chemical nature of the scattering sub¬ 
stance. For any particular substance, e.g. benzene, it is found that 
each primary spectral line gives rise to a set of Raman lines, the fre¬ 
quency differences between corresponding Raman lines and their primary 
liiu‘s being always the same, i.e. independent of the frequency of the 
primary line. These frequency differences or frequency shifts are re¬ 
ferred to as Raman frequencies. Raman lines corresponding to both 
negative and positive frequency displacements are observed, the 
fornuir being the more intense. Thus in the scattering process a portion 
of the incident light has its original frequency Vq either diminished or 
increased by certain characteristic Raman frequencies the fr(‘- 
quenedes of the Raman lines thus excited being v ==■ Vq+ Now it 
is found that the Raman frequencies observed in cases liJce those men¬ 
tioned above are actually equal to fundamental vibrational frequencies 
of the scattering molecules. Hence in the excitation of the Raman 
line of frequency v = — v^^ we may suppose that the incident 

light quantum hv^ sets the S(*.attering molecule vibrating with the 
vibrational quantum hv^ and is itself scattered with the diminished 
energy c^). Similarly, the Raman line of enhanced frequency 

V — is due to scattering by a molecule already vibrating with 

the (Uiergy this energy being given up to the incident light quantum 
in th(‘ process. Thus the Raman effect is to some extent the optical 
analogue of the Compton effect. The theoretical possibility of such 
modifications of frequency by molecular scattering had been predicted 
as early as 1 923 by Smkkal. 

The great importance of the Raman effect as a method of inves¬ 
tigating molecules lies in the relative simplicity of the technique 
as compared with that of infra-red measurements and also in the 
fact that Raman spectra may contain vibrational frequencies which 
are forbidden in the infra-red. These so-called optically inactive fre¬ 
quencies camiot occur in direct absorption or emission because they are 
not associated with an alteration of dipole moment and consequently 
cannot give rise to (or absorb) electromagnetic waves. In the Raman 
effect, however, they often give the most intense lines. 

Rotational energy may also be transferred from the incident light 
quantum to the molecule (or vice versa) in the scattering process. 
Since here the energies involved are small relative to the vibrational 
energies, the pure rotational Raman lines lie correspondingly closer 
to the primary line. They therefore tend to be masked by the broaden¬ 
ing of the much more intense primary line on the photographic plate, 
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and can only be observed in certain cases with refined experimental 
technique. Two examples are shown in fig. 13. 



Fig. 13.—Rotational Raman effect in oxygen and nitrogen 
[From Zeitschrift fur Physik, Vol. LXI, 1930 (Springer, Berlin).] 

The alternating intensities in the rotational lines of Ng are clearly visible in 
the figure. The frequency displacement of the first rotational line is for Og larger 
and for Ng smaller than the frequency interval between the successive lines. 
From this we may conclude that only transitions between rotational levels of 
odd quantum number are possible for Og, and that the stronger lines of Ng are 
due to transitions between rotational levels of even quantum number (see p. 380). 

Transparent solids also give the Raman effect, which thus pro¬ 
vides an important method for direct optical investigation of the 
vibrations of crystals. The effect can also be observed with gases, 
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though here the intensity is correspondingly smaller, owing to the 
smaller numbers of molecules in a given volume. 

The intensity of scattering increases with the fourth power of the 
frequency (cf. Vol. IV, p. 232) so that, where the absorption of the 
substance under investigation permits, it is best to use light of as short 
a wave-length as possible. The ultra-violet mercury resonance line 
2537 A. is often used. 

In any case the intensity of the Eaman lines is extremely small. 
This is the reason why the effect was not discovered earlier, in spite 
of the fact that all the necessary apparatus had long been available 
and that the effect is quite easy to produce. If a sulliciently intense 
source is used and the light is concentrated as much as possible, the 
Raman lines of organic liquids like benzene can actually be made 
visible. 


C. Linkages between Atoms in Molecules 

7. Ionic Compounds 

Types of Molecules. —The properties of chemical compounds indi¬ 
cate that it is necessary to distinguish between two types of molecules. 
The lirst type (e.g. NaCl) forms electrically conducting aqueous solu¬ 
tions in which the molecule is split up into ions (e.g. Na+ and Cl“). 
Even in the solid state, the charges must be distributed unequally 
between the constituents; for the vibrations of the crystal lattice 
prove to be optically active (see residual rays, p. 41G). Substances 
of this ty})e usually have relatively high boiling-y3oints and typically 
salt-like character. They are referred to as ionic or electrovalent 
compounds. 

The second type includes organic compounds like CH^ (methane) 
or CgHg (benzene). These arc characterized by their extremely low 
electrical conductivity, their relative volatility, and their complete 
lack of salt-like properties. Compounds of this type are referred to as 

covalent or atomic compounds. 

There are many compounds, however, w^hich cannot be allotted at 
once to either of the above two classes. More and more criteria are 
gradually being recognized, but in many cases it is still imjiossiblc to 
say in which class a given compound is to be placed. 

Ionic Compounds. —The fact that the individual ions of these 
compounds can be shown to exist in the solid or liquid states or in 
solution is evidence for the view that the linkage is electrostatic in 
character. In the case of NaCl, for example, an electron is transferred 
from the Na atom to the Cl atom and the resulting ions are held to¬ 
gether by electrostatic attraction. It is easily seen that an electron 
transfer of this kind can only take place when the electron in question 
is more strongly held by the anion (in spite of the net negative charge) 
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than by the neutral atom from which it was derived. We shall see 
below that this statement requires considerable modification. 

Kossel was the first to remark that the formation of ionic com¬ 
pounds seems to be due to a tendency for atoms to build up complete 
electron shells or sub-shells, and in particular to assume the con¬ 
figuration of an inert gas. In fig. 14 atomic numbers are plotted as 
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Fig. 14.—Numbers of electrons in observ'cd ions (after Kossel) 

abscissa) and numbers of extra-nuclear electrons as ordinates. The 
small circles correspond to the neutral atoms, while the black dots 
correspond to known ions. The positive ions, being formed by loss of 
electrons, lie beneath their parent atoms. Similarly, the negative ions 
lie above their parent atoms. The inert gases are indicated by crosses. 
The figure brings out very clearly the tendency to form ions containing 
those numbers of electrons (namely 2, 10, 18, &c.) which correspond 
to completed shells and particularly to the inert-gas configurations. 
The symbols for the respective electron groups (cf. Table XXVII, 
pp. 336 to 338) are given on the right of the figure. 
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Kossel was able to show that the properties of a number of mole¬ 
cules can be accounted for, at least qualitatively, by regarding them 
as assemblages of spherical ions held together by electrostatic forces. 
Tims if the series HCl, HgO, NH 3 is supposed to be ionic, the increasing 
strength of the linkages from HCl to Nil 3 (i.e. the decreasing tendency 
to split off H+ in aqueous solution) may bo shown to follow from the 
increase of charge of the negative ion (namely Cl', 0", N'"). This is 
not imin(*(liately obvious, but may be seen from the following simple 
calculation. Let the negative ion have a charge ze and a radius 
and let it bo surrounded by z positive ions, each of charge e and radius 
U. The total energy of binding of the whole molecule is then equal 
to the energy of attraction between the ions minus the energy of 
repulsion E,.. Assuming that the positive ions are touching the central 
negative ion, we have 


z^e 
(»’i + r^) 


The energy of repulsion cannot be calculated without some assump¬ 
tion as to the arrangement of the positive ions. Assuming that this 
arrangement has the highest possible symmetry,* we obtain: 

for 2 : = 1 , E,. ™ 0 ; 


for z—2, E,. == 
for 2 : = 3, E,. = 


2(r, + r.)* 
3c>2 


l*73c2 


V 3 (rj^ -f- 7*2) (fj + 7*2) 


Plence with the further assumption that (r^ -f- r^) is the same for all 
three molecules, we obtain the following values for the energy of 
binding, i.e. for E == E,, —■ E,.: for IICl, E — e^j[r-y -f for HgO, 
E = 3*5e-^/(ri -f 7 * 2 ); for NH 3 , E = 7 - 3 c 2 y(^^ strength of 

binding may thus be expected to increase in the order HCl, HgO, NH 3 . 
This is in accordance with the decreasing acid character, i.e. decreasing 
tendency to dissociate with formation of H+, which is observed in this 
order. 


The effect of ionic radius may be seen, for example, in the series of molociilos 
HgO, Hj>S, H 2 SC, HaTc. Here the radius of the ne^^ativo ion increases progressively 
from O" to Te", the actual values being 1*3 A., 1-7 A., 1*9 A., and 2*1 A. re¬ 
spectively. The strength of binding shows a corresponding progressive decrease, 
as can bo seen from the dissociation constants of the molecules in aqueous solution 
lO”’’, and respectively). 

As a further example we may take the transition from basic to acidic character 
within a horizontal period of the periodic table. Fig. 15 is a diagrammatic repre- 


♦ An assumption which cortaiuly does not correspond to the actual molecular 
structures (see Table XXXVI, p. 399). 

(B 957) 
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sentation of the attachment of hydroxyl groups OH to the atoms of the period 
Na to Cl. For the sake of simplicity it is assumed that the positive ions all have 
approximately the same radius. On account of the small radius of the ion, 






i5 SO^ 



Fig. 15.—The hydroxyl compounds of the elements of the third 
period of the periodic table (after Kossel) 


the attraction between 0" and H+ in NaOH is greater than that between Na+ 
and 0". Hence the compound dissociates in solution to give Na+ and OH'. The 
greater the positive charge of the central ion becomes, the more strongly is the 
0" held and the greater is the repulsion between the central ion and the H+. 
The acid character (i.e. tendency to ionize giving H+) accordingly increases as 
we pass through the series of compounds up to HCIO 4 . 

Deformation of Ions. —In spite of their qualitative character, the 
above ideas enable us to summarize a large number of observed facts. 
Certain refinements, however, are necessary; in particular, the model 
in which the ions are regarded as rigid spheres can only be a first approxi¬ 
mation to the truth. As a second approximation we must take account 
of the displacements of the outer electron “ atmosphere ” relative to the 
positive nucleus which must arise when ions approach one another 
closely. The existence of such deformations or polarizations of ions 
can be demonstrated by dipole moment measurements (see Vol. Ill, 
p. 104). For example, the distance between the nuclei of the HCl 
molecule is known from infra-red spectra (p. 366). If we regard this 
molecule as ionic and assume that the negative charge of the Cl' ion is 
symmetrically distributed about the Cl nucleus, we should expect the 
molecule to have a dipole moment of 

1-59 X X 1-78 X == 2*8 X coulomb-cm. 

The measured value is only 0*46 X 10“^ coulomb-cm. Hence if this 
molecule is regarded as ionic, there must be a very marked displace¬ 
ment of the negative atmosphere of the Cl' ion towards the H+ ion. 
This deformation can be calculated and good agreement with experi¬ 
ment is obtained. 

Stability of the State of Equilibrium. —The existence of ionic com¬ 
pounds necessarily implies the existence of forces of repulsion between 
positive and negative ions as the distance between their nuclei is 
diminished. The occurrence of these repulsive forces makes it possible 
for the nuclei to take up equilibrium positions of minimum potential 
energy. The cause of the repulsions may be pictured as follows. 
Imagine a small positive ion (e.g. H+) brought towards a negative ion. 
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As the distance between the nuclei is progressively diminished the 
positive ion will penetrate into the electron atmosphere of the negative 
ion. Under these circumstances that part of this electron atmosphere 
which lies at a greater distance than the positive ion from the nucleus 
of the negative ion will to a first approximation exert no force on the 
positive ion, just as a charged hollow metal sphere exerts no force on 
a charged particle inside it. Hence the force of attraction on the posi¬ 
tive ion will be diminished by its penetration into the electron atmo¬ 
sphere of the negative ion. As the distance between the nuclei is further 
reduced, a position of equilibrium will finally be reached, in which the 
repulsion between the similarly-charged nuclei is just balanced by the 
attraction between the positive ion (supposed very small) and the 
inner region of the electron atmosphere of the negative ion. 

8. Covalent Compounds 

Molecules like Ho, Ng, Clg cannot be held together by ionic linkages 
of the kind considered above; for they possess no electric dipole 
moment, no infra-red absorption, and no tendency to dissociate into 
ions. Nor can the linkages be effected by the magnetic forces between 
the atoms, which calculation shows to be too feeble. Some explanation 
of the linkages appears to be provided, however, by wave-mechanics. 

The simplest case is that of the Hg molecule, which is built up of 
two nuclei (protons) and two electrons. The structure may be expected 
to involve the two nuclei, still separate but surrounded by a common 
electron atmosphere corresponding to the two electrons. The distance 
between the nuclei can be calculated from the moment of inertia of 
the molecule obtained from the rotational terms of band spectra, 
while the rigidity of the linkage 
(i.c. the restoring force called 
into play on deformation) can 
be calculated from the vibra¬ 
tional terms. Finally, the dif¬ 
ferent band systems give in¬ 
formation about the possible 
electronic states. 

These latter may be expected to 
show a certain similarity to those 
of the helium atom; for the Hg 
molecule may be imagined to be 
obtained by dividing the He nucleus into two equal parts and then gradually 
making these move to the appropriate distance apart. (The difference of mass 
has only a very small effect.) If the separation is carried still farther, W(^ shall 
eventually obtain two separate hydrogen atoms. As may be seen from fig. 16, 
there is in fact a certain relationship between the energy levels in the different cases. 

What kind of force is it, then, that links together the two hydrogen 



Fig. 16.—Relation between the energy levels 
of He, Hj, and H (after Hund) 
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atoms in H 2 so strongly that their separation requires an expenditure 
of about 100 kcal. per gramme-molecule? It cannot be a,n electrostatic 
force of the kind which effects the linkages in ionic compounds. The 
magnetic forces (e.g. those due to electron spin) are too small; indeed 
the electron orbits of the hydrogen atom in its ground state possess 
no magnetic moment (Z = 0). 

We may recall that we were faced with a similar difficulty (p. 273) 
in connexion with the large energy difference between the term-systems 
of He, which were also inexplicable by the magnetic interaction of the 
two electrons. In that case we learned that according to Heisenberg 
it is the exchange energij of wave-mechanical resonance that gives rise 
to the strong interaction. 

Exchange energy of this kind must also be taken into account in 



Fig. 17.—Distribution of charge density (lines of equal 
density) in the electron atmosphere of two mutually- 
repelling hydrogen atoms. 


the case of the Hg molecule, which likewise contains two identical 
electrons. Evidence for the similarity of the two systems is to be 

found in the relationship between their 
energy levels. In 1928 Heitler and 
London performed the wave-mechani¬ 
cal calculation. They found that the 
equations give two solutions. As the 
two hydrogen atoms are gradually 
brought together the charge distribu¬ 
tion around them may assmne either 
the form represented in fig. 17 or 
that in fig. 18. In the first case the 
two atoms repel one another at all 
distances apart, so that a collision 
between them will be elastic. In the 
second case (fig. 18) the atoms attract 
each other at all distances apart down 
to a certain definite minimum, below which mutual repulsion sets in. 

The variation of the potential energy of the system may be plotted 
as a fimction of the distance between the nuclei, the curves of fig. 19 



Fig. 18.—Distribution of charge 
density (lines of equal density) for 
two hydrogen atoms forming an Hg 
molecule. 
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being obtained. The upper curve corresponds to the case represented 
in fig. 17, in which the potential energy always increases as the dis¬ 
tance between the nuclei is 
diminished. This means that 
work must be done in bring¬ 
ing the nuclei together. The 
lower curve corresponds to 
the case represented in fig. 18. 

Here the potential energy 
decreases to a minimum when 
the nuclei are at the distance 
(Iq apart. This minimum re¬ 
presents a state of stable 
equilibrium (actually the 
ground state of the Hg mole¬ 
cule). The energy i) (see 
fig. 19) is the energy set free 
as the distance between the 
nuclei is diminished from 
infinity to (Jq. Hence this 
must also be the energy 
which has to be supplied in 
order to separate the nuclei of the Ho molecule completely. Referred 
to 1 gm.-mol., D is therefore the molecular heat of dissociation. If, 
as far as is mathematically possible, account is taken of the approxi¬ 
mation terms in the problem, satisfactory agreement with observed 
fact is obtained, the detailed figures being as follows: 



Observed 

Calculated 

For Hg: Heat of dissociation 

Distance between nuclei 

100 kcal./gni.-mol. 
0-75 A. 

1 

87 kcal./gm.-mol. 
0-74 A. 



Fig. 19.—Potential energy of two hydrogen 
atoms as a function of the distance between their 
nuclei. 


So far it lias not been found possible to carry out the calculations 
for other molecules with sufficient accuracy. The case of Hg, however, 
indicates the line of approach to an explanation of covalent linkages. 
Already it is possible to give some accomit of the valency of atoms 
in compounds of this kind. The theory, which was first put forward 
quite empirically by G. N. Lewis, has been extended and given a 
theoretical basis by the work of London. Lewis pointed out (as Kossel 
had done for ionic compounds) that the formation of stable covalent 
linkages (as in CH^) is accompanied by the completion of electron 
shells. In Ng, for instance, the strength of the linkage appears to be 
duo to the completion of an L-shell by the electrons from both con- 
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stituent atoms; for the similarity of the spectrum to that of an alkaline 
earth (p. 378) indicates that 2 of the 14 electrons are relatively loosely 
bound and obviously belong to an M-shell. The electrons of Ng may 
therefore be arranged in the groups 2K, 2K, 8L, 2M (p. 378). In many 
cases, however, complete shells appear to be formed around the con¬ 
stituent atoms by the sharing of two electrons, e.g. in Clg, CgH^, &c. 
This is especially true of shells of 8 electrons (so-called ociets). Con¬ 
siderations of this kind make it probable that many linkages (i.e. 
covalent chemical bonds) arc cfEccted by the interaction of two elec¬ 
trons, whose exchange energy holds the atoms in question together 
in the manner mentioned above for Hg. This is the underlying idea of 
London’s theory. The following considerations render it more pre¬ 
cise. As we see from Table XXVI, p. 332, each electronic state (charac¬ 
terized by n, Z, and m^) may be occupied in two ways, the spin of the 
electron in the one case being opposite to that in the other. Thus a 
pair of electrons with opposite spins represents complete occupation 
of any level. This may be expressed by saying that, on account of their 
opposite spins, the two electrons “ neutralize ” one another. Actually 
such an electron pair contributes nothing to the multiplicity r of the 
level, since their s-values together give zero and according to p. 329 
f == 2S + 1. Those electrons which possess no partner in the above 
sense may obviously become “ neutralized ” by pairing ofi with a 
new electron. It is these unpaired electrons which, according to the 
theory, are responsible for chemical combination. An atom possesses 
as many units of valency as it has unpaired electrons. Since the 
number of these is 2S, where 2 is the total spin angular momentum of 
the atom, the valency of an atom must be one less than the multi¬ 
plicity of its energy levels. This conclusion makes it possible to test 
the validity of the theory. As has already been pointed out on p. 329, 
there is good general agreement with observation: the alkali metals, 
which have a doublet state as ground state, are imivalent; the alkaline 
earths, which possess a triplet system, are divalent; the trivalent 
atoms possess a quartet system, and so on. To this extent, then, the 
theory agrees with fact. It does not agree with fact, however, if we 
consider the ground states of the atoms. Thus the ground state of the 
alkaline earths is a singlet state, so that according to the theory they 
should have zero valency, i.e. should exhibit the characteristics of an 
inert gas. Similarly, the ground state of A1 is a doublet state (fig. 7, 
p. 288), so that A1 might be expected to be univalent. Other cases of 
the same sort may be cited. The multiplicity which is one greater than 
the valency is first realized in excited states. From this we must con¬ 
clude tiiat the atoms usually react when in excited states—a con¬ 
clusion of great importance for an understanding of chemical reactivity, 
reaction velocity, and the action of catalysts. Since in the excited 
states the electrons are raised to levels in which the full possibilities 
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of occupation are not realized, increase of excitation is in general 
accompanied by an increase of valency. Tims, for example, tetravalence 
in carbon corresponds to an excited state. Variable valency may 
therefore be expected in the case of atoms (e.g. those of the transitional 
elements) whose excited states lie relatively close to the ground state. 
Saturation of the units of valency, i.e. formation of covalent linkages, 
must manifest itself in the spectrum of the molecule. This is actually 
found to be the case. For instance, in the combination of N and 0 to 
form NO only two electron pairs arc formed, one electron remaining 
without a partner. As is to be expected from the theory, the ground 
state of NO is found to be a doublet state. The CO molecule, on the 
other hand, contains no such unpaired electron, and its ground state 
is accordingly a singlet state. The failure of the theory to account for 
observed properties in some cases may be exemplified by the strong 
paramagnetism of O 2 (Vol. Ill, p. 410). Here all the electrons must be 
regarded as paired, i.e. “ neutralized in the above sense, and it is 
therefore difficult to understand why the molecule should possess a 
magnetic moment. In conclusion we may say that, though we are 
still far from possessing a complete and quantitative theory of covalent 
linkages, a line of approach has been discovered which seems to lead 
in the right direction and is certainly of great importance for the 
problem of chemical kinetics. 

D. The Properties op Molecules 

9. The Heat of Dissociation 

The above theories of molecular structure, together with the theories 
of atomic structure, throw light on a large number of the properties 
of molecules, especially the regular variation of properties throughout 
a series of comparable compounds. 

The Heat of Dissociation.—One of the most important quantities 
characterizing a molecule is the amount of work which must be 
expended in order to separate the constituent atoms. This is usually 
expressed in calories and is called the heat of dissociation or the heat of 
atomization. It may be calculated from data obtained from the analysis 
of band spectra. As was pointed out in the discussion of the formation 
of H 2 (p. 389), the heat of dissociation may be read off from the curve 
showing the variation of potential energy with distance between the 
nuclei. 

In band spectra where a large number of vibration levels can be 
distinguished, as is often the case in absorption, the band system is 
frequently observed to pass over into a region of continuous absorption 
at the short-wave end. An example is shown in fig. 20, which repre¬ 
sents the absorption spectrum of iodine in the visible region, the 
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dispersion being relatively small, so that only the band heads corre¬ 
sponding to the successive vibrational levels appear. At the short-wave 
end the band system is seen to be bounded by a region of continuous 
absorption. Now the bands are due to the fact that the molecule not 

■■■■illlllljllll II I I I I L 

fsooo/ 6000/1 

Fig. 20.—Absorption spectrum of Is, showing continuous region 

(From Handbuch der Experimentalphysik, Supplementary 
Vol. 1 (Akademische V^crlagsgesellschaft, Berlin).] 

only alters its electronic state by the process of absorption, but also 
its state of vibration (and rotation). The start of the region of con¬ 
tinuous absorption indicates that over and above a certain access of 
vibrational energy, the molecule can take up energy in any quantity. 
We have encountered similar behaviour in the case of atoms, where a 
continuum occurs beyond the series limit (p. 194). There the con¬ 
tinuum was explained (pp. 194 and 266) by the loss of an (dectron 
from the atom when the energy absorbed exceeds a certain amount. 
Over and above this amount the atom can take up energy continuously, 
the excess over the energy of ionization being converted into kinetic 

energy of the electron, which is not subject 
to quantization. The continuous region of 
absorption of molecules can be similarly 
explained. If its vibration becomes too 
energetic, the molecule will fly to pieces. 
Above this critical vibrational energy the 
molecule can absorb continuously, the ex¬ 
cess over the energy of dissociation being 
converted into kinetic energy of the sej^arate 
atoms, which is not subject to quantization. 

The interpretation of the data is not 
alw^ays simple, however, because the con¬ 
tinuous absorption region is only observed 
in band spectra whose lines involve an 
alteration of electronic configuration. An 
example will make the difficulty clear. Fig. 21 shows the energy 
level diagram corresponding to fig. 20, only the vibnd.ional levels 
being shown (i.e. the-rotational structure being omitted). The fre¬ 
quency Vg of the limit of continuous absorption corresponds to the 
dissociation of the excited molecule on account of its energetic vibration. 
The corresponding limiting frequency of the normal molecule is 
not observable in the spectra. Now it is not possible without further 
information to say what the products of dissociation will be. There 
are various possibilities (see further p. 394), and it is this ambiguity 



Fig. 21.—Energy levels of 
the iodine molecule 1* 
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hich constitutes the ditficulty of the method. In any particular case 
it is necessary to investigate the nature of the products of dissociation 
very carefully. In the case of iodine and many other diatomic mole¬ 
cules (including H 2 ) the molecule breaks up into one normal atom and 
one excited atom. The quantity which is of interest from the chemical 
point of view, however, is the energy or heat of dissociation into two 
normal atoms. To obtain this we must subtract the excitation energy 
of the one iodine atom from the spectroscopically observed heat of 
dissociation D' = hvy (see fig. 21). Here again we encounter a diffi¬ 
culty, in that without further investigation we do not know the exact 
level of exciitation concerned. For iodine it is actually the level, the 
(atomic) excitation energy of which is W' = 0*98 electron-volt. This 
is equivalent to 22*6 kcal. per gi’amme-molecule. Also 6 X 10^^ 
sec.“^, so that hvg = 4 X 10"^^ erg, which is equivalent to 4 X 10 
6-06 X 10^^ ergs or 5G-8 kcal. per gramme-molecule. The n^quired 
heat of dissociation into two normal atoms (D) is therefore given by 
D = ])' — \V' = 56*8 — 22*6 ~ 34*2 kcal. per gramme-molecule. The 
value found by thermal experiments is 34*5 kcal. The agreement 
betN\een the spectroscopic and thermal methods is thus very good. 
In the case of Hg the region of continuous absorption is observed to 
commence at 849*9 A., the dissociation again giving rise to one excited 
and one normal atom. The corresponding value of D' is 334 kcal. 
The excitation energy of the hydrogen ion can be calculated from the 
first member of the Lyman series A= 1210 A. (p. 183). The value 
obtained is W' = 234 kcal. The heat of dissociation into two normal 
atoms is therefore ICO kcal., a value which is in good agreement with 
that obtained by thermal methods. 

An interesting point may be mentioned in connexion with these 
values. The lines of the band spectra immediately preceding the con¬ 
tinuous region are found to be quite sharp. Hence the molecule must 
be capable of existence for an appreciable time (at least for several 
vibrations) in the corresponding ckjarly-defined energy states. The 
energies possessed by the molecule in these states, however, are often 
several times the ordinary energy of dissociation D into normal atoms. 
Thus we see that in certain circumstances molecules may possess 
amounts of energy considerably higher than those corresponding to 
their heats of dissociation (cf. tig. 8, p. 371). 

As may be seen from fig. 20, p. 392, the vibrational lines (and 
hence also the vibrational levels) are closer and closer together as we 
pass towards the region of continuous absorption. Thus in cases where 
the limit cannot be observed directly (e.g. in emission spectra), its 
position can be determined approximately by extrapolation. For this 
purpose the progressive crowding together of the levels is expressed 
by an equation and the extrapolation is made for the energy at which 
the interval between successive levels becomes vanishingly small. This 
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method, which has been worked out particularly by Bikge and Sponer, 
has also been found to give satisfactory results. 

Interest attaches to the occurrence of regions of continuous absorp¬ 
tion in the spectra of the vapours of very strongly polar compounds 
like KCl and Nal, which were considered above as ionic compounds. 
It has been shown that the long-wave limit of these regions corresponds 
to those energies which, according to thermal data, are required in 
order to dissociate the molecules into two normal atoms. For KCl, 
for instance, Xg == 2800 A., so that hvg = 101 kcal. per grainme- 
molecule. The value found by thermal methods is 105 + 2 kcal. (see 
Table XXXIV). From this it follows that the continuous absorption is 
really due to dissociation, and that in the gaseous state absorption of 
electromagnetic energy causes these molecules to break up, not into 
ions, but into normal atoms. 

Table XXXIV gives a comparison of some heats of dissociation, as 
determined by the above spectroscopic methods (Dopt.) and by thermal 
methods (Dthcrm.)- 


Table XXXIV 


Molecule 

I^opt. 

kcal. 

■Dthenn. 

kcal. 

Molecule 

Bopt. 

kcal. 

3 ^.herm. 

kcal. 

Ha 

100 

95-100 

KCl 

101 

105 -1- 2 

N, 

220 


KBr 

91 

100 -L 1 

Clo 

58-5 

57-2 

NaBr 

01 

90 ± 0 

lo*' 

cb 

35-2 

258 

34-5 

(247) 

KI 

75 

S4 :£ 1 


The Potential Energy Curve.—The general shape of the curve 
representing the variation of potential energy with distance between 
the nuclei (see e.g. fig. 19, p. 389, for Hg) can be calculated from the 
experimentally-determined heat of dissociation and other data obtain¬ 
able from band spectra. As was pointed out on p. 389, the heat of 
dissociation gives the height of the asymptote of the curve above the 
minimum. The distance between the nuclei at the minimum, i.e. in 
the state of equilibrium, can be calculated from the moment of inertia 
of the molecule in the state of zero vibrational energy. From the value 
of Vq in the equations of p. 367, i.e. the frequency for harmonic oscil¬ 
lations of small amplitude about the equilibrium position, the curvature 
of the potential energy curve in the neighbourhood of the minimum 
may be calculated. For the rate of change of potential energy with 
distance between the nuclei (i.e. the slope of the tangent to the curve) 
is equal to the restoring force at the point considered, and Vq is pro¬ 
portional to the square root of this force. Other details of the shape 
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of the curve may be deduced from the degree of auharmonicity of the 
vibrations of greater amplitude, i.e. from the ma,gnitudc of x in the 
equation of p. 367. Further information is obtainable from the change 
of moment of inertia, which finds expression in the unequal spacing of 
the rotational energy levels. 

Typical examples of potential energy curves for diatomic molecules 
arc shown in figs. 22 and 23, the curves for excited states as well as 



Fig. 22.—Potential energy 
curvesof diatomicmolecules 
(Hj.Oj, and halogens). 


Fig. 23.—Potential 
energy curves of 
diatomic molecules 
(NO, }IgH. &c.). 


that for the ground state being given. The shapes shown in fig. 22 
are characteristic of covalent molecules like the halogens Og and Ho. 
The molecule is very stable in the ground state, but electronic excitation 
is accompanied by a loosening of the linkage, i.c. by a diminution of 
the heat of dissociation. Fig. 23 shows the opposite ease, in which the 
linkage is strengthened by electronic excitation (i.e. by an increase of 
the average distance of the electrons from the nucl(‘i). This chemically 
interesting behaviour is shown only by molecules (e.g. NO, HgH) 
which have a doublet band spectrum. According to p. 391, this type 
of spectrum indicates the presence of an unpaired electron, which 
thus seems to weaken the chemical linkage. 

10. The Size and Shape of Molecules 

In the last few years the combination of results obtained by the 
most varied methods has yielded detailed information as to the size 
and shape of molecules. It is now possible to determine, not only the 
relative positions of the nuclei, but also the forces acting between 
them, the nature of their characteristic vibrations, and the distri¬ 
bution of electric charge in the molecule. 

In the first place, the kinetic theory of gases gives the approximate sizes of 
molecules, the number of their degrees of freedom, and similar general information. 
Chemical methods supply a large number of more detailed features. The most 
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precise results, however, have been obtained to a large extent from the investi¬ 
gation of electrical and optical properties. Band spectra give information about 
the vibrations and rotations of molecules and hence, as was shown above (p. 391 
et seq.), about distances between nuclei, moments of inertia, heats of dissociation, 
&c., as well as about the possible electronic states. The spectra of scattered 
light (Raman spectra) provide important complementary information. From 
the difiraction efiects observed when a be^im of X-rays or electrons is passed 
through a gas (fig. 30, p. 251) it is possible to calculate the distances between 
the atoms in the molecule, while conclusions as to the distribution of the electric 
charges can be drawn from investigations of the dielectric constant (Vol. Ill, 
p. 104) or of the Kerr effect (Vol. IV, p. 257). The following is a short account 
of the results obtained by these methods. 


The kinetic theory of gases gives the distances up to which mole¬ 
cules can approach one another in ordinary thermal collisions. There 
are various ways in which this quantity can be derived. The viscosity 
7] and the molecular diameter d are connected by the equation 

ct-4aOXlU 

in which M is the molecular weight and C is a constant (lying between 
50 and 300) which is introduced in order to allow for the mutual forces 
of attraction between the molecules. A value of d can also be obtained 
from the constant h of the van der Waals equation, using the relation 



where N is Avogadro’s number. Conclusions as to the size of molecules 
can also be drawn from the distances between the molecules in the 
solid state, as determined by X-ray difeaction. The radius r of mole¬ 
cules in the liquid state can be estimated from determinations of the 
molar volume V at very low temperatimes. Assuming the molecules 
to be spherical and to be packed together as closely as possible, we 
have 

47rr3 _ 0-74V 
3 N * 

These different methods all give values of the order of a few Ang¬ 
strom units. The values obtained for He, for instance, are: from 
1*96 A.; from V, 4-0 A.; and from 6, 2-5 A. The corresponding values 
for Og are: 3-0 A.; 3*9 A.; and 2-6 A. ForCOg: 3-3 A.; 4-6 A.; and 3-2 A. 
Another method is available for substances which can be spread in 
layers one molecule thick on the surface of water. Measurement of the 
weight and area of the film gives the area occupied by each molecule. 
The values obtained for d, the molecular diameter, are again a few 
Angstrom units. 
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A further important question is that of the distances between the 
atoms within the molecule. These can be determined from the dif¬ 
fraction of X-rays or electrons by the molecules in the vapour state 
(fig. 30, p. 251). Very accurate measurements have been made upon 
the molecule CCI4, in which all four Cl atoms are the same distance 
from the central C atom. The results given by the two methods for the 
distance Cl — Cl between chlorine atoms are respectively 2*99 ± 0*03 
and 2-98 + 0*03 A. The value for C — Cl is found to be 1-82 A, 


A large number of compounds have been investigated. An account 
of the determination of molecular moments of inertia by optical 
methods has already been given (p. 3C5). Here the measurements 
are made on the rotational structure of band spectra or Eaman 
spectra (see e.g. fig. 13, p. 382). Consideration of the results of all these 
investigations for a very large number of organic molecules leads to 
the result that the length of any particular chemical linkage (e.g. 
C == C) is very nearly independent of the rest of the molecule in which 
it occurs. Indeed it is possible to ascribe to each atom a definite 
eflective radius in each type of combination. Thus in organic mole¬ 
cules we have the following values: H—, 0*3 A.; C—, 0*77 A.; C=, 
0*65 A.; C^, 0*58 A.; N-, 0*7 A.; N=, 0*03 A.; N:h, 0*55 A.; &c. 
From the experimental data conclusions may be drawn as to the shape 
of the molecule under consideration—whether it is straight or bent, 
and so on. The tetrahedral arrangement of the four ^ 

valencies of carbon, postulated empirically by the i—*-^ (a) 

chemists, has been verified in many instances. y y 

Another important method of investigation is . . 

the determination of electrical dipole moments (see 
Vol. HI, Table II, p. 104). The number of com- 
pounds (especially organic compounds) wdiich have y y 

been examined in this way is very large. Almost vig. 24.—Possible 
all diatomic molecules wdth tw’^o similar atoms 
(e.g. N.,, O 25 I 2 ) possess no permanent dipole 
moment, whereas molecules with unlike atoms (e.g. HCl, CO, NO) 
possess large moments, i.e. markedly unsymmetrical charge distri¬ 
butions. Closer examination of the results shows that a definite dipole 
moment may be ascribed to each linkage betw^een two atoms (e.g. 
C —. H, 0 — H, &c.), even in complicated molecules. In the case of 
triatomic molecules of the type XYg it is possible to deduce whether 
the shape (fig. 24) is (a) straight and symmetrical, ( 6 ) straight and 
unsymmetrical, or (c) bent. Thus the absence of an electrical dipole 
moment for COg, CSg, HgClg, HgBrg, HgIg indicates that in the gaseous 
state all these molecules have the straight symmetrical form. In order 
to discriminate between cases ( 6 ) and (c) of fig. 24 other methods 
must be used which permit of deductions as to the type of symmetry 
of the molecules. Such methods are the very difficult analysis of the 
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vibrational states of band spectra and the number and state of polari¬ 
zation of the Raman lines. The molecules HoO, HgS, and SOg have 
been shown to have the bent shape of fig. 24 (c), while NgO has the 
unsymmetrical shape of fig. 24 (6). 

From the degree of polarization of coherently scattered light (Tyn¬ 
dall efiect or Rayleigh scattering, Vol. IV, p. 232) conclusions can also 
be drawn as to the variation of the polarizability of the molecules in 
different directions (optical anisotropy). In the scattering process the 
electron atmosphere ” of the molecule is caused to oscillate wdth 
the frequency of the incident light. If now the electron atmosphere 
is not equally polarizable in all directions, its oscillations will 
not always be in the same direction as those of the electric vector 
of the incident light, and as a result the scattered light will be partially 
depolarized. 

Another very important method of investigation depends on the 
Kerr effect (Kekk, 1875, see Vol. IV, p. 257), i.e. the appearance of 
double refraction (different velocities of light in different directions) 
when an ordinarily isotropic substance is placed in an electi’ic field. 
The effect is mainly due to the partial orientation of the molecules in 
the field, wdth the result that the oscillations of the electron atmo¬ 
spheres under the influence of light become different in the longitudinal 
and transverse directions. From observations of this kind, as from 
observations upon light scattering, it is possible to determine the 
anisotropy of the electrical polarization of the molecules. 

An enormous mass of data has already been accumulated by the 
methods mentioned above. Some of the results, as collected by Stuart, 
are given in Tables XXXV and XXXVI. 

Table XXXV. —Data for Diatomic Molecules 



Molecule 



0 , 

CI2 

HCl 

Intcrnuclear distance 

0-75 

1*20 

1-98 

1-28 

X 10“ ® cm. 

Moment of inertia 

0-47 

19-2 

113-7 

2-01 

X 10“*® gm. cm.2 

Gas-kinetic diameter 

2-8 

3-2 

4 

3-5 

X 10~® cm. 

Nuclear vibration) v 
frequency J v 

12-8 

4264 

4-7 

1577 

1-68 

500 

8-3 

2780 

X 10^® scc.“^ 

cm.”^ 

Energy of dissociation 

4.4 

51 

2-47 

4-4 

electron-volts 

Electric dipole mo- \ 
ment / 

0 

0 

0 

0-24 

X 10“® e-cm. 



Table XXXVI.— Data fob Tbtatomic and Tetratomic Molecules 
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Regularities of Internuclear Distances.-When plotted against 
atomic number, the distances between the nuclei in the hydrides show 
a remarkable periodicity (see fig. 25), tlie separate parts of the graph 
being nearly linear. We see that the internuclear distance suddenly 
becomes larger where, according to the theory of atomic structure, 
an electron shell or sub-group has been completed and a new shell is 
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being started. Since tbe one atom (here H) remains the same through¬ 
out, these increases of interimclear distance indicate that the linkage 



Fig. 25 .—Intcrnuclcar distances in hydrides 


is in each case effected by an electron belonging to a shell outside the 
completed shells of the preceding inert gas. 





CHAPTEE VII 


The Structure of Solids and Liquids 

1. The Forces which hold Molecules together 

At sufficiently low temperatures all gases liquefy or solidify, the 
molecules attracting one another and clustering together into a definite 
volume. The molecules must also be capable of repelling one another; 
for very high pressures are neces¬ 
sary to compress liquids or solids, 
i.e. to diminish the distances be¬ 
tween the molecules. The varia¬ 
tion of force with distance must 
therefore have the form shown in 
fig. 1. The repulsion at small 
distances apart increases much 
more rapidly as this distance 
decreases (in many crystals pro¬ 
portionally to about the ninth 
power—see p. 409) than the 
attraction which predominates 
at greater distances does. 

Origin of the Forces of Attrac¬ 
tion and Repulsion.—These forces 
are undoubtedly electric and 
magnetic in character. We know 
that many molecules possess 
permanent electric dipole mo¬ 
ments or have such dipole mo¬ 
ments induced in them by the internal fields of the bodies of 
which they form a part. Now a dipole exerts a force of attrac¬ 
tion proportional to 1/r® (Vol. Ill, p. 100) in the direction of its 
axis. In the plane at right angles to the axis and passing through its 
middle point the force is zero. For less markedly asymmetrical charge 
distributions the force of attraction falls off more rapidly as the 
distance increases, e.g. for a quadrupole proportionally to 1/r^. Hence 
dipoles have a tendency to hold together as shown in fig. 2. A number 

(e057) 401 27 



J ig. X. —Variation of the force between two 
molecules with their distance apart: 


OR is the distance apart at equilibrium, 
Z the theoretical breaking stress, 

S the repulsion curve by itself. 
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Fig. 2.—Association of 
dipoles 


of compounds are known to exist in the form of double molecules or 
more highly associated molecules even in the gaseous state (e.g. acetic 
acid — double molecules). The cohesion of 

© molecules in the solid or liquid state, how> 
ever, appears to be largely due to intrinsically 
feebler dipole moments induced by the intense 
interactions occurring at small distances of 
separation. Those substances (e.g. water) 
whose molecules possess large permanent 
dipole moments even in the gaseous state, 
show additional com])lications (formation of association complexes) 
in the liquid and solid states. 

The forces of repulsion which come into action at very small dis¬ 
tances of separation may be regarded as mainly due to the mutual 
repulsion between the similarly charged nuclei. The way in which this 
repulsion increases in effect as a small positive particle (positive ion 
or positive nucleus) penetrfites into the electron atmosphere of an 
atom (or molecule) has already been discussed on p. 87. 

Ionic lattices (e.g. crystalline NaCl) form an extreme case of the 
holding together of a solid by electrostatic forces. Here the molecule 
loses its individuality altogether, each ion being surrounded by an 
equal number of neighbouring ions of the opposite kind, which in 
many cases all bear the same relationship to it. Thus in crystalline 
NaCl (rock salt) each Na+ ion is surrounded symmetrically by six Cr 
ions and each Cl' ion by six Na+ ions (see Vol. I, fig. 18, p. 276). 

As a result of the regular structure of lattices of this kind, in which 
the atoms preserve a certain individuality, all these so-called simple 
solids exhibit marked general regularities in their behaviour. Over a 
wide range (to a specific heat of C^ = 0'3 cal. per gramme) they have 
a heat content U which is proportional to T^, so that the specific heat 
is proportional to T^. Again, the volume or linear expansion between 
two temperatures is proportional to the corresponding change of 
internal energy, i.e. the coefficient of thermal expansion is propor¬ 
tional to the specific heat. 

Thermal Expansion.—In solids the atoms in general occupy certain 
positions of equilibrium, about which they may perform oscillations 
but from which they cannot migrate. 


The change of position of atoms in solids has been investigated in certain 
cases by means of radioactive isotopes (e.g. lead), whose progress through the 
main bulk of the solid may be detected. Experiments of this kind have shown 
that a slow exchange of places between atoms (self-diffusion) occurs even in solids. 
This, however, is very slow, especially at low temperatures. 


The equilibrium position corresponds to the point R of the force 
curve of fig. 1, p. 401. Since the slope of the curve is not the same on 
both sides of this point, a greater force is required to diminish the 
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distance of separation (i.e. the abscissa) by a certain amount than to 
increase it by the same amount. Hence the oscillations of the mole¬ 
cules about the equilibrium position must be asymmetrical, and as 
the amplitude of oscillation increases (i.e. as the temperature rises) 
the mean position will move farther and farther to the right in the 
figure. Macroscopically this is observed as an expansion of the body. 
Thus the expansion of a solid is due to the asymmetry of the potential 
eneryy curve. 

The Melting Process.—As the amplitude of oscillation becomes 
greater and greater, the individual atoms or molecules eventually 
“ collide ” with one another, i.e. approach so close to one another that 
their interactions })rcvent them returning to their original equilibrium 
positions. When this happens for a sufficiently large number of atoms 
or molecules, the whole crystal structure 
breaks down and the solid melts. In this 
connexion it is a remarkable fact (Gruneisen) 
that all sinij)l(^ solids expand by about 1/13 in 
the tem})erature ranges from the absolute zero 
to the melting-point (which is very different 
in different cases). 

2. Crystals 

Structure of Solids.—Solids are charac¬ 
terized by their (‘Jasticity of volume and 
shape, i.e. they possess a definite volume and 
shape which return to their original values 
on the removal of deforming forces. Solids 
may be either crystalline or amorphous (Vol. 

I, p. 201)). Amorphous bodies, such as glasses, 
may be r(‘garded as liquids of very high vis¬ 
cosity. In the case of crystalline bodies it is 
necessary to differentiate between those which 
have a completely regular structure through¬ 
out (single crystals) and those which consist of 
an assemblage of a very large number of 
crystalline fragments in random orientation 
(mi(‘-rocrystalline or poly crystalline bodies). 

The single crystal may be regarded as the 
ideal solid. 

As a rule a homogeneous non-crystalline 
substance is isotropic, i.e. its properties (such 
as refractive index for light, velocity of propagation of sound, 
thermal and electrical conductivities, &c.) are independent of the 
direction in which the light, sound, heat, or electric current 
passes through. Crystals, on the other hand, are anisotropic, i.e. 



Hg. 3-—Development of 
faces in the growth of a 
cr>'sta 1 of chrome alum from 
a sphere (after Gunther). 

From Die Naturwissenschaften 
(1930) (Springer, Berlin).] 
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their physical properties arc different in different directions. There 
is a definite direction in a crystal in which the physical properties have 
maximum or minimum values. A flake of graphite, for example, has 
an electrical conductivity along its plane which is 100 times that in 
a direction normal to its plane. In a cubic crystal of rock salt the 
velocity of sound parallel to a diagonal of the cube is 15 per cent less 
than that parallel to an edge (cf. also Vol. I, fig. 2, p. 198). Amorphous 
and crystalline bodies also differ in their behaviour towards a solvent. 
A sphere of glass immersed in hydrofluoric acid remains spherical as 
it dissolves; but a single crystal (e.g. of NaCl), when ground into a 
sphere and suspended either in water or in saturated salt solution, 
develops characteristic facets as it dissolves or as more salt crystallizes 
out on it (fig. 3). 

Most crystalline bodies are polycrystallinc. Only a few minerals occur naturally 
in perfectly formed single crystals suitable for investigation. Various nn^thods 
have been devised for the preparation of single crystals. Large crystals of salts 
may be deposited from saturated solutions under suitable conditions. Small 
added crystals, which act as nuclei for deposition, can often be left to grow. In 
most cases, however, there is an upper limit to the size of the single crystals which 
can be prepared in this way. Larger crystals are obtained by pla(;ing a small 
single crystal in a certain orientation in the molten substance. It is possible to 
arrange for the whole melt to solidify to a single crystal with the orientation of 
the added nucleus. In another method an added single crystal is withdrawn from 
the melt at a certain velocity, so chosen that the deposition of the solid upon it 
gives a large crystalline mass. In this way single crystals weighing several 
kilograms may be prepared. Polycrystalline wires may suddenly pass over into 
more or less large single crystals when loaded almost to the 
breaking-point. If the load is too great, the planes of the single 
crystals glide over one another in the manner illustrated for a 
single crystal of cadmium in Vol. I, fig. 17, p. 210. This gliding 
is favoured by high temperature. Imperfect crystals may be 
rendered more nearly perfect by annealing (maintenance at a 
definite temperature) and slow cooling (sec Vol. I, figs. 7, 8, and 
9, pp. 269 and 270). 

Crystal Structure.—The regular external shapes of 
crystals and the differences of properties in different 
directions are evidence of a perfectly regular internal 
structure. The diffraction of X-rays and electrons by 
crystals (pp. 63 and 243 respectively) proves that the 
structure consists of a regular lattice of diffracting centres. 
The lattice spacings can be determined by means of the 
Bragg relationship (p. 68). Information as to the nature 
of the diffracting centres is obtainable from the inten¬ 
sities of the diffracted beams. The distribution of in¬ 
tensity in the diffraction pattern also throws light on the arrange¬ 
ment of the different centres within the space lattice. In the case 
of salts which are strong electrolytes it has been found that the lattice 
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points are the ions {ionic lattice). Thus NaCl has a cubic lattice con¬ 
sisting of Na’^ and Cl' ions (see Vol. I, fig. 18, p. 27()). Polyatomic ions 




\ju) Diamond (linkages of the aliphatic 
type) 


(6) Graphite (linkages of the aromatic- 
type) 


Fig- 5-—Lattice structures of carbon 


f 



Fig. 6.—Contours showing the distribution of electric charge-density in crystalline 
hcxachlorbenzene C«C 1 « (after Lonsdale). The dotted contours refer to a plane lying 
below that of the figure. Four CgCle molecules are represented in the main plane of 
the figure. In each of these are seen 6 markedly deformed C atoms surrounded by 6 
less deformed Cl atoms. 

[From Proc. Roy. Soc., A., Vol. CXXXIII (1931).] 
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like NOg' and COg' are built into crystal lattices as distinct units (see 
fig. 4 ). In certain cases a more or less well-defined grouping of certain 
atoms occupying lattice positions may be recognized (molecular 
lattices, Vol. I, p. 276). Special interest attaches to those lattices in 
which the atoms are arranged in layers, the forcjes holding the different 
layers together being much smaller than those holding together the 
atoms in any one layer. An example of this is graphite (fig. 56), the 
properties of which are in strong contrast to those of diamond (fig. 5a, 
non-layer type of lattice). Fig. 6 shows the extent to which information 



I'ig. 7.—Unit cell of 
corundum (AljOj) 


can be obtained about the distribution 
of electric charge-density in particular 
cases. 

A crystal lattice may be thought of as 
built up by the arrangement of unit cells 
side by side (fig. 7) or by the piling up 
of parallel lattice planes. In a simple 
cubic lattice, for example, the unit cell 
is itself cubic (see Vol. I, fig. 17, p. 275), 
having atoms at each corner and also 
in many cases an atom at the centre* of 
the cube (body-centred lattice) or at the 
centre of each of the cube faces (face- 
centred lattice). See fig. 8 . 



a b 


[From Handhuch der Physik, 
Vol. XXIII, Part 2 (Springer, 
Ilcrlin).] 


Fig. 8.—Cubic lattices: 

(a) face-centred and (6) body-centred. 


In the KCl crystal the Cl' ions alone and the K+ ions alone each 
form a face-centred cubic lattice. The same is true of the halides of 
Li, Na, K, and Rb. The simple cubic lattice, built up of only one kind 
of particle, docs not occur in nature, but many body-centred cubic 
lattices are known. This latter type may be considered as derived 
from the interpenetration of two simple cubic lattices, the corners 
of the one occupying the body-centres of the other. This is the 
kind of lattice in which CsCl, CsBr, Csl, TlCl, and the halides of 
NH 4 crystallize, the positive ions in each case forming one simple 
cubic lattice and the negative ions the other. The metals Li, Na, 
K, V, Cr, Mo, W, Fe^,, and Ta also crystallize in body-centred 
lattices, all the lattice points being here occupied by atoms of the 
same kind. Some metals, c.g. Cu, Ag, Au, Ca, Pb, Fe at high 
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temperatures, Fe^, Al, Pd, and Pt, crystallize in face-centred cubic 
lattices. 

For some compounds, and especially for metals, the crystal struc¬ 
ture depends on the temperature. Different solid phases exist in 
definite temperature ranges. Thus in the case of iron it is possible to 
differentiate between a-, jS-, y-, and S-phases. At lower temperatures 
the stable form of iron is the a-phase (body-centred cubic lattice), at 
higher temperatures the y-phase (face-centred cubic lattice). 

Table XXXVII (after Grimm) gives the interionic distances in the 
alkali halide lattices of the NaCl type (mostly determined by X-ray 


Table XXXVII. —Interionic Distances (in A.U.) in the 
Alkali Halides 



F 

A 

Cl 

A 

Br 

A 

1 

Li 

2-02 

(0-55) 

(2-57) 

0-175 

(2-745) 

(0-265) 

3-01 

A 

0-32 


(0-25) 


(0-205) 


0-24 

Na 

2-34 

0-48 

2-821 

0-19 

3-01 

0-24 

3-25 

A : 

■ 0-35 


0-31 


0-20 


0-3{) 

K 

24)0 

0-44 

3-13 

0-17 

3-30 

0-25 

3-55 

A ‘ 

(O-IO) 


(0-16) 


0-165 


(0-15) 

Rb I 

(2-SS) 

(0-41) 1 

(3-29) 

(0-175) 

3-465 

(0-235) 

(3-70) 


diffraction). The A-values also included in the table are the differences 
for pairs of corresponding salts. We see that the intcrionic distance 
increases when a lighter anion or cation is replaced by a heavier. This 
suggests that a definite size (or rather a definite sphere of action) may 
be ascribed to each ion, the distance between a pair of ions in a lattice 
being obtained by simply adding their effective radii. 

On this view crystals may be regarded as built up by the closest 
possible packing together of spheres. 

The distances between the lattice points 
can then be calculated from the molar 
volume. The bracketed values in Table 
XXXVII were obtained in this way. 

The occurrence of different crystal forms 
can also be understood in terms of the 
packing together of spherical atoms. 

As has been shown in particular by 
Goldschmidt, a large number of observed facts can be explained in 
this way. Fig. 9 illustrates, by a two-dimensional example, how the 
relative sizes of the units may affect the way in which they pack to¬ 
gether. Here the arrangement shown on the left, in which the smaller 
unit is surrounded by three larger neighbours, is possible up to the ratio 
of radii 0*41 :1. When the packing is in space, four neighbours are 



Fig. 9.—Effect of the relative sizes of 
ions on the type of packing 






408 THE STRUCTURE OF SOLIDS AND LIQUIDS 


possible (tetrahedral configuration, as in ZnS) up to the ratio of radii 
0-41 :1. Then the arrangement with six neighbours is stable up to 
the ratio 0*73:1 (rock-salt lattice type). Thereafter an arrangement 
with eight neighbours becomes stable, the units occupying the corner 
points of two interpenetrating cubic lattices (CsCl type). The assump¬ 
tion that the lattice distances in crystals are simply the sums of the 
eifective radii of the ions concerned holds fairly well for the alkali 
halides; but for other salts it is less satisfactory, on account of the 
effects of the ions upon the charge distribution of their neighbours 
(polarization and deformation). The effective sizes of the ions, as 
calculated from their distances apart in crystals, are not completely 
filled by the ions. The determination of the “ true ” ionic magnitud('S 
presents many difficulties. A satisfactory estimate can only be made 
for ionic compounds, in which the forces between th<' ions are more 
amenable to discussion. Table XXXVIII gives some ionic radii as 


Table XXXVIII.™ Ionic Radii in A.U. 


Group 1 

_ _ _ 1 

j Cirroup 

VI A 

VIIA 

o 

Ia 

IIab 

IIIau 

IVab 


Ilii 

IHij ; 

1 

0" 

F' 

No 

Na' 

Mk" 

AI- 

Si-* 



1 

1*3 

1*3 

M7 

0*08 

0-7 

0*55 

0*4 



I 

S" 

CV 

A 

K- 

(-a** 

Sc*** 

Ti •• 

Civ 

Zn •• 

- . 1 

(«fl *'* 

1*8 

1-8 

1*4 

1*3 

1*0 

0*8 

0*05 

0*06 

0*8 

O-b 

So" 

Br' 

Kr 

Rb* 

Sr* 

Y*** 

Zr**** 


Cd” 

In* * 

105 

105 

10 

1-48 

1*2 

1*0 

0-85 

12 

10 

0-85 

; To" 

1 ' 

Xo 

Cs- 

Ba** 

La*** 

Co**** 

Air 

Hfr- 

Tl*** 

! *>.2 ' 

1 

2*2 

1*75 

1*05 

1*4 

1*2 

1*0 1 

ll 

1-4 

M 1 

1*0 


deduced from interionic distances in crystals and from wave-mechanical 
considerations. All the ions in a horizontal row have the same number 
of extranuclear electrons. Within such a row the ionic radius de¬ 
creases as the nuclear charge increases. This is to bo expected; for an 
increase of nuclear charge means a greater attraction between the 
nucleus and the surrounding electron atmosphere. Comparison of the 
ions in a vertical column shows that the radius increases as the clement 
becomes heavier. This is due to the extra electron shells of the heavier 
atoms. 

In order to arrive at a more detailed theory of how the atoms in 
crystals are held together, we must be clear about the forces which are 
acting. From the regularity and permanence of the arrangement of 
the crystal units, it is clear that these must be in equilibrium. Tw'o 
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ions at a relatively large distance apart act on one another like point 
charges, i.e. they attract one another or repel one another according as 
they are oppositely or similarly charged. At smaller distances apart, 
however, two oppositely charged ions must repel one another; other¬ 
wise there could be no position of equilibrium at a definite distamic 
apart. The force F between two oppositely charged ions of charges 
and Cg at a distance r apart may therefore be written in the form 


whore b and m are constants. The first term represents the Coulomb 
attraction, while the second (of opposite sign) represents a repulsion. 
The index ni is large in comparison with 2, so that for small valiK's of r 
the repulsion overcomes the attraction. Wave-mechanics offers the 
j)Ossibility of calculating the potential energy of two ions at these 
small distances apart, without any special assumptions concerning 
the forces of repulsion. 

If the ionic radii in a lattice are known, the lattice energy can be 
calculated in simple cases. By lattice energy we mean the work which 
would have to be done in order to break down 1 gm.-mol. of the crystal 
completely into 1 gm.-atom of gaseous positive ions and 1 gm.-atom 
of gas(‘Ous negative ions. In the gaseous state the ions ar(5 supposed 
to be very far apart. Using the above equation for the force between 
two ions, wii can calculate the potential energy of the whole lattice by 
summing the contributions due to each pair of ions. The calculation 
is diflUcult and can only be performed in simple cases. It is simplified 
by the introduction of the so-called Madelung summation factor a, 
which has a definite value for each type of lattice, depending upon the 
spatial arrangement of the ions as determinable by X-ray analysis. 
If we regard the ions as perfectly rigid spheres, the lattice energy is 
given by the equation 



in which N is Avogadro’s number, z the number of charges on the ion 
of lower valency (e.g. 2 : = 1 in CaClg and 2 : = 2 in CaO), e the elemen¬ 
tary charge, and and rg the respective ionic radii. Born modified 
the calculation by taking into account the deformabilities of the ions. 
He then obtained the expression 

in which n is the index in the expression for the potential due to the 
forces of repulsion. For crystals of the NaCl type n= 9, 
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These theories may be compared with observation by considering 
the following cyclic process for NaCl (Born and Haber). A gramme- 


[Xa] -f (JCL) ----> (Na) -f- (Cl) 


+ B 


-Iv 


-f-Koi 


[NaCll 

crystal 

+ S^NaCl 


+ LxaC 


I 


(Na-^O + (C1-) 
/ 

^ +VNaCl 


(NaCJ) 

vapour 


molecule of the crystalline salt may be imagined to be formed either 
directly from one gramme-atom of solid sodium and half a gramme- 
molecule of gaseous chlorine,* in which case the heat of formation B 
is set free, or alternatively by the following processes: 

(1) The solid sodium is vaporized so as to give sodium atoms, and 
the chlorine is dissociated so as to give chlorine atoms. This step 
requires the supply of the gramme-atomic heat of sublimation 

of sodium and half the gramme-molecular heat of dissociation 
of chlorine. 

(2) The sodium atoms thus obtained are ionized, the electrons 
removed from them being transferred to the chlorine atoms to give 
chlorine ions. This step requires the supply of the energy of ionization 

of a gramme-atom of sodium and the liberation of the energy E^i 
corresponding to the electron affinity of the chlorine. 

(3) The crystal lattice may now be built up directly from the Na+ 
and Cl~ ions, the lattice energy LNaCi being thereby set free. Alter¬ 
natively, the ions may be allowed to combine in pairs to give NaCl 
molecules (a process in which the heat of formation Vjsraa of NaCl 
from its ions is liberated), and finally these gaseous molecules may be 
allowed to come together to form the crystal (with liberation of the heat 
of sublimation SNaci)- Ib both cases the end product is one grammci- 
molecule of crystalline NaCl. 

The direct heat of formation B from the elements (see above) may 
therefore be expressed by the equations: 

B = —(Sjj^a + + ^Na) + Ecl + ^^NaCl 

♦ Square brackets denote the solid state and round brackets the gaseous state. 
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or B — — (Sj^a + iDci, + iNa) + Ecl + V^aCl + SNaCl* 

By means of the first of these equations the lattice energy L can be 
calculated from, observable quantities and the result compared with 
the theoreti(\al value. The agreement obtained is good. 

The theory also enables us to calculate a number of other physical 
properties. For instance, a detailed calculation shows that in all binary 
salts (i.e. salts with two ions) the compressibility depends only upon 
the iiiterionic distance. This deduction is confirmed by experiment. 
The actual values of the compressibility give the index m which occurs in 
the repulsion term (see p. 409). This is nearly always approximately 10. 

Tliere are, however, a great many properties which cannot be 
accounted for satisfactorily by the theory. Thus from the law of 
fore.e between the ions it is possible to calculate the breaking stress 
of a salt (Vol. I, p. 210). The value obtained for NaCl is 2 X 10^^ 
dynes/cm.2. Experiment, however, gives a value nearly 1/400 of this, 
namely 5*3 X 10' dynes/cm.^. If the determination is (jarried out 
under water, the result observed is considerably nearer the theoretical 
value. The remarkably low value obtained in air must therefore 
be due in part to imperfections and tiny cracks in the surface of the 
crystal under investigation. 

This example shows that the theory explained above is not capable 
of accounting for all properties of real crystals. As has been pointed 
out by Smekal in particular, the reason for this seems to be that the 
perfectly regular lattice arrangement assumed in the theory is only 
realized, even in the most perfect crystals, over small regions con¬ 
taining about 10^ to 10® molecules. The large single crystal is made 
up of many such regions placed togethcir wdth mutual displacements 
and probably also different orientations (mosaic structure). Between 
the elements of the mosaic there are crystal imperfections * at which 
the forces holding the crystal together are impaired. These imperfec¬ 
tions appear to play an essential part in many phenomena (e.g. the 
effects of small traces of impurities, which may take up positions at 
the imperfections, on electrical conductivity, mechanical properties, 
phosphorescence, photo-electric conductivity, diffusion phenomena, 
&c.). 

There is also a discrepancy between the observed and the theoreti¬ 
cally-calculated dielectric strengths (Vol. Ill, p. 060) of crystals. The 
break-down field strength observed experimentally for NaCl is about 
2 X 10® volts/cm., whereas the value to be expected from the lattice 
theory is L5 X 10® volts/cm. This is the calculated field strength 
required to pull the ions apart from their combination in the lattice, 
and so to initiate an electric discharge. Joffe appears to have attained 
the theoretical dielectric strength with very thin crystal layers, e.g. 

* Ger. Lockerdellen. 
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mica plates. The reason for the discrepancy between theory and 
experiment lies partly in the fact that the ions in the crystal perform 
thermal motions, as a result of which the lattice linkages are not so 
strong as is assumed in the theory. To improve the agreement, the 
measurements of dielectric strength must be made at sufficiently low 
temperatures, for which the thermal motions arc small. Moreover, 
the applied electric field sets free those ions Avhich are at imperfections 
in the crystal and thus are less strongly held than the rest. These 
ions may then be accelerated by the field and may liberate other ions 
from the lattice by collision. In this way a discharge may be set up 
and break-down of the crystal may ensue. In very thin crystal layers 
the length of path of a moving ion is very small and so also is the 
number of ions which it can liberate by collision. Hence there is no 
possibility of a break-down being started in this way (compare Vol. 
Ill, p. 339); only a small current can be detected. For glass and mica 
it is found that the diel(‘(jtric strength, which for layers of ordinary 
thickness is about 3 X KF* volts/cm., gradually rises as the thickness 
is diminished to 2 X 10“^ cm., until it almost attains the theoretical 
value. Further decrease of thickness then produces no further change 
in the dielectric strength. 

3. Vibrations in Solid Bodies 

In consequence of their thermal energy, the individual lattice 
points of a crystal execute vibrations relative to one another. The 
lattice energy L (the lattice points being assumed at rest) is thereby 
increased by the thermal energy U, given by the equation 

U - f C,rfT. 

Jo 

The specific heat C^, at constant volume is not a constant, but falls 
off rapidly at low temperatures (see Vol. II, p. 44). 

The Specific Heat of Solids. —The approximate validity of the rule 
of Dulong and Petit (Vol II, p. 24) at medium temperatures shows 
that we may expect similar behaviour from all simple solids, i.e. 
solids which are built up of similar atoms, so that all the lattice points 
may be regarded as being equivalent. The value of the constant in the 
rule of Dulong and Petit, namely C^, = 6 cal. per gramme-atom, 
indicates a distribution over six degrees of freedom (Vol. II, p. 41). 
The atoms in the lattice can perform oscillations in all directions about 
their positions of equilibrium. Now three-dimensional oscillators of 
this kind (assumed harmonic) do indeed possess six degrees of freedom, 
three for kinetic energy and three for potential energy. 

The marked decrease in the specific heat at low temperatures 
means that the number of degrees of freedom must be decreased; 
certain vibrations must cease. The reason for this lies in the quanti- 
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zation of the behaviour of the atoms. As has been shown on p. 264, 
the possible energy states of a linear oscillator are given by the equation 
E — (n + \)hv, where n is an integer. Transference of vibrational 
energy from one atom to another therefore cannot occur in amounts 
less than hv. 

Now thermal energy is distributed amongst the atoms. Continuous 
(non-quantized) distribution is governed by the Maxwell-Boltzmakn 
law (Vol. IT, p. 47) which in the case of two degrees of freedom gives 
the result that the number of molecules with energies exceeding 
E is 

where N is the total number of molecules considered. An oscillating 
atom, considered as a linear oscillator with one frequency, possesses 
two degrees of freedom. The above result remains true for such an 
oscillator even when the energy distribution is no longer continuous 
(as for kinetic energy of translation) but quantized (as for vibrational 
energy). The sole dift’erence is that in the latter case only certain 
definite energies, given by E = (n -[- are permissible. We may 
ignore the zero-point energy \}iv, as it contributes nothing to the 
specific heat. We are then left with the possible energies E = hv, 
2hv, 3hv, &c. According to the law of distribution, the numbers 
of atoms possessing energies greater than nhv and (n+ ^)hv are 
respectively 

^e^nkrikT and 

By subtraction, therefore, the number N„ of atoms possessing exactly 
the energy nhv is 

where K = 1 — is a constant at a given temperature. 

Thus the number of atoms possessing one vibrational quantum is 
Nj—the number possessing two vibrational quanta is 
Ng — and so on. The total energy of all the vibrating 

atoms is obviously given by 

U=MNi + 2N2-f3N3-f ...) 


Remembering that 


(1 — xf 


== a; + 2^2 4- + ... , 


we see that 


U = KNhv 


^-h'lkT 

(1 — 
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Substituting the value of K as given above, we obtain 

g-ln,!kT 






ji.-ikT 


e“‘ 


1 * 


If wo consider a gramme-molecule, we have N/c = R (see Vol. II, 
pp. 39 and 41). We may also introduce the quantity O—hvjk — 
4*78 X 10"'^^ j/. We thus obtain 

^ — a n' -I • 


The specific heat C,, per gramme-molecule is obtained by differentiating 
with respect to T, which gives 

rrtT _ R(0/T)V/T 
dT 1)2* 

This value of C^, must be multiplied by 3 on ac;count of the fact that 
the oscillators are not linear (2 degrees of freedom) as assumed 
above, but spatial (6 degrees of freedom). It is then in good agree¬ 
ment with experiment, as far as simple solids (p. 402) are concerned 
(compare Vol. II, ]). 44). 

The quantity 6 has the dimensions of a temperature, and is call(‘d 
the characteristic temperature. It is directly proportional to v for any 
substance and represents the temperature at which hv— /T in accor- 
danc(* with classical theory. 

By means of the above equation it is pos.sible to deduce 0 from tlu' ex|)CTi- 
mi'iitally-observed variation of C\, with T. Hence the percentajiie of the atoms 
pos.sessin^ n viiirational quanta at any given temperature can be cjalciilated. 
Thus diamond has the very high value 0 — 1295 and the distribution of vibrational 
energy amongst the atoms at T = 130° aba. is 99-995 per cent w ith ii ~ 0 and 
O-OOi per cent with n—\. Thus even at this relatively high temperature the 
thermal energy of vibration is practically non-existent. Even as high as T = 380° 
abs. (i.e. -f- 113° C.) the distribution is; 95 per cent with 7i — 0, 4-75 per cent 
with n = 1, 0-23 per cent with n = 2, and only 0-01 per cent with w — 3. For 
lead, which has 9 — 07, the distribution at T — 07° aba. is the same as that for 
diamond at 1295° abs., namely, 63-3 per cent wdth = 1, 23-3 per cent with 
n 2, 8-6 per cent with n — 3, 3-1 per cent with n— 4, 1*2 per cent with n = 5. 

The formulaB obtained above are in good general agreement with 
experimental observations. At very low temperatures, however, 
discrepancies arise, since in this region the specific heat increases pro¬ 
portionally to T®. In 1912 Debye * was able to show that this was 
due to the too great simplicity of the assumption of only one frequency 
for the oscillators (see above). In the complete treatment it is neces¬ 
sary to assume a large number of frequencies, which are regarded as 

* P. Debye, Dutch by birth (born 1884), was first Professor of Physics at Gottingen, 
then (1920-7) at the Technical College at Zurich, and subsequently at Leipzig. 
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elastic waves passing through the solid, being reflected at its boun¬ 
daries and thus giving rise to stationary waves. Not all wave-lengths 
can form those stationary waves, only those which give an exact 
number of half wave-lengths. It is easy to see that the smaller the 
wave-length, the closer together do the 
possible wave-lengths lie. There is, how¬ 
ever, a certain minimum wave-length 
below which no more are possible; for the 
waves are propagated by the atoms, so 
that the wave-lengths must be at least of 
the order of magnitude of the interatomic 
distances. The distribution of possible 
frequencies is therefore of the type shown 
in flg. 10 . From this we see that (at least 
for simple solids) the greatest concentra¬ 
tion of frequencies is near the upper limit 
(i.e. the lower limit of wave-length). This 
explains the approximate validity of the 
theory in whic^h only one frequency is assumed. At very low tem¬ 
peratures, however, where the high frequencies die out on account of 
their large Avalues, the existence of the slower vibrations becomes 
im|)ortant. 

Optical Vibrations in Crystals. —Since the vibrating particles in 
ionic lattices are electrically charged, their proper vibrations can give 
resonance eflects with electromagnetic waves. Light of frequencies 
(‘qual to proper frequencies of the crystal is very strongly absorbed, 
tlie selective absor])tion being accomj)anied by metallic reflection. 
Hence these proper frequencies can be determiiu'd by measuring the 
absorbing ami reflecting powers of the ionic crystal. The frequencies 
are always found to lie in the infra-red region. Two groups may be dis¬ 
tinguished: one in the long-wave infra-red in the wave-length range 
28/i, to 152/x and the other in the short-wave infra-red between lO/i 
and 2 (y. 

The method of investigation consists in splitting up the infra-red 
rays from a source into a spectrum, and then measiuing the coefficient 
of absorption or reflection of the crystal at successive wave-lengths. 
Fig. 11 is a diagram showing how the apparatus is arranged. The 
radiation from a continuous source L is focussed on the slit Sj of a 
grating monochromator by means of the coruiave mirror Hi. The 
monochromator consists of the slits Sj and Sg, the grating G, and the 
concave mirrors H 2 and H 3 . The narrow wave-length region passing 
out through the slit S 2 is directed on to the crystal K by the mirror 
H 4 . The beam reflected from the crystal is then focussed by the mirror 

on to the thermopile T, where it produces an electric current which 
is measured by a galvanometer. The galvanometer deflection is a 



Fi^i. 10.—Uistribution ol lie- 
quencies of thermal vibration in 
a solid (after Debye). 
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measure of the intensity of reflection from the crystal. By adjusting 
the setting of the monochromator the wave-length of the radiation 
falling upon the crystal can be varied at will. In these infra-red in- 



Fig. II.—Diagram showing arrangement of apparatus for infra-red investigations 


vestigations concave mirrors are used instead of lenses because of their 
freedom from chromatic aberration. Infra-red radiation is detected 
and measured by thermoelectric methods, as the sensitivity of photo¬ 
graphic plates only extends to about I‘5/x. 

Specirometric measurements can be carried out up to wave-lengths 
of about 30/x. To investigate waves of greater length, we make use of 
the method of so-called residual rays*, which depends on the fact 
that light of the proper frequency of the crystal is reflected very 
strongly. The radiation from a continuous source is reflected a number 
of times from the crystalline substance under investigation, until 
after the last reflection practically nothing is left but the proper fre¬ 
quency, all the others having been largely absorbed. The light remain¬ 
ing after the series of reflections is referred to as residual rays. The 
wave-lengths in the long-wave region are determined by means of a 
Fabry-Perot interferometer (Vol. IV, p. 194). The residual rays of 
long and short wave-length can be separated by means of quartz 
lenses. The refractive index of quartz for the longer waves (> 50ju) 
is over 2, and for shorter waves only about 1*5; hence the focal length 
of a quartz lens is considerably shorter for the longer waves than for 
the shorter waves. Repeated focussing for the longer waves therefore 
results in the shorter waves becoming so diffuse as to be negligible. 

Fig. 12 shows reflection curves for alkali halides obtained in this 
way. Wave-lengths are plotted as abscissae and percentage reflections 
as ordinates. Increase of ionic mass is seen to be associated with in¬ 
crease of the wave-length of the proper lattice vibration. The residual 
rays for which this figure is plotted all belong to the long-wave group. 
The position of the reflection maximum is characteristic of each par- 

• The German term ReatatrahUn is also used in English. 
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ticular lattice. Examples of the short-wave group are shown in fig. 13, 
which gives the reflection curves for some carbonates. We see that the 



Fig. 12.—Hetiection curves of alkali 
halides in the infra-red (after Liebisch 
and Rubens). 


Fig. 13.—Infra-red reflection from 
carbonates (after Schaefer and Schu¬ 
bert). 


characteristic of all carbonates. In the same way, all salts with 
polyatomic anions or cations possess their own proper frequencies, 
e.g. all sulphates have proper vibrations at 9/x and and all am¬ 
monium salts at 3’2p., 5‘9/x, and 7’0/x. 

The reason for the appearance of these infra-red absorption regions 
is as follows. The incident electromagnetic waves act on the positively 
and negatively charged particles in the lattice, causing forced vibra¬ 
tions. The amplitude of these vibrations becomes especially large when 
resonance occurs (Vol. II, p. 198), i.e. when the frequency of the oscil¬ 
lations of the field of the incident waves is equal to a proper frequency 
of the charged particles of the crystal. Since the forces linking the 
charged particles are practically the same throughout the whole crystal, 
the frequency of vibration of positive relative to negative is fairly 
sharply defined. The long-wave residual rays correspond to vibrations 
of the positive and negative ions relative to one another. The frequency 
increases with increase of the rigidity of the interionic linkages and 
with decrease of ionic mass. This explains the differing wave-lengths 
for the difierent alkali halides in fig. 12. The short-wave group of 
residual rays, on the other hand, corresponds to vibrations within 
polyatomic ions (so-called inner frequencies), as is indicated by the 
identity of the frequencies for all salts with a given polyatomic ion. 
These inner frequencies can also be observed with solutions of the 

(E957) 28 
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salts—a fact which proves that the polyatomic ions pass over into 
solution unchanged. The long-wave frequencies, however, cannot be 
observed in solution. From the magnitudes of the lattice frequencies 
it is possible to draw conclusions as to the nature of the linkages 
involved. 

Resonance between the incident light and a vibration of the crystal 
can only occur if the latter is associated with an oscillating electric 
dipole moment having a component in the 
direction of the electric vector of the light. 
A If the dipole moment of the crystal vibration 

/ right angles to the electric vector of 

■ \ the plane-polarized incident light, then no re- 

^axS / \ flection maximum occurs. Vibrations which 

g \^ l \ are not associated with an electric dipole 

■? / V \ moment are said to be optically inactive and 

^ / j\ \ cannot be detected by this method at all. 

•^ ‘ / / \ \ In regular crystals the proper vibrations are 

§ . / y \ of equal intensity in all axial directions. In 

^ uniaxial (or biaxial) crystals, however, the 

ielectric moments occurring in the two (or 
—three) different directions are different. This 
Fif?. 14 .— Reflection of plane- can bc shown by using polarized light. 
bytd“l po«:s?um?u“ c.g. the pTOper vibrations of 

(after Schaefer and Schubert). the Ulliaxial Crystal, SOdium potaSSiUHl SUl- 

phate, as measured parallel and at right 
angles to the optic axis. In this case it is possible to differentiate 
between two quite distinct vibrations, whereas investigations with 
natural light only give a faint indication of two maxima. 

If the lattice points of a crystal are uncharged, the lattice vibrations 
cannot be detected by means of the absorption of electromagnetic 
waves. It is possible, however, to detect the elastic waves which pass 
through the crystal. 

Undeformed crystals also have absorption regions in the ultra¬ 
violet, due to electronic energy transitions. 

Optically mactive vibrations can be detected by optical methods 
when there is coupling with optically active oscillations, i.e. with oscil¬ 
lations associated with an oscillating electric dipole moment. This 
is the case in the scattering of light (Raman spectra, p. 380) and also 
in the phosphorescence spectra of crystals (Tomaschek). If the ex¬ 
citing energy is sufficiently high, the optically active crystal frequencies 
can, of course also occur in emission. 

Other Methods for the Determination of Crystal Lattice Frequencies.— 


The proper vibration frequencies of solids (at least of simple solids, 
p. 402) can also be deduced by other methods, though in general these 
do not do more than give the approximate position of the liigh- 
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frequency limit (see fig. 10, p. 415). The restoring force acting on 
an atom which is displaced from its equilibrium position is measured 
approximately by the resistance of the solid to compression. Hence 
the compressibility x must be related to the vibrational frequency Vq, 
The relation actually obtained is 


3 X10’ 
A^X^P^ 


sec.“i, 


where A is the atomic weight and p the density. Another form of the 
relation is 


2-91 X IQii 


/J /CA 
V AV« Va/ 


- I sec.” 


in which V is the atomic volume, the atomic heat, and a the co¬ 
efficient of thermal expansion. Since v, the velocity of sound in the 
crystal, is also determined by the clastic forces, it too is related to 
the proper frequency by the equation 





Here ^ is a mean velocity of sound (for longitudinal and transverse 
waves) and N is Avogadro’s number. In Vol. II, p. 44, another formula 
is given, by means of which a value for v can be calculated from the 
melting-point. 

Although there are often considerable discrepancies between the 
i/-values calculated by the different methods, satisfactory agreement 
is obtained in many cases. 

The following is a list of characteristic temperatures 6, as calculated 
for a few substances by the various methods mentioned above. The 


Tablk XXXIX 


Method 

rb 

KCl 

Cu 

Diamond 

(k)mpre8aibility 

120 

192 

327 

_ 

Thermal expansion .. 

105 

— 

325 

1860 

Velocity of sound .. j 

75 

221 

341 

1 — 

Melting-point 

89 

271 

320 

1564 

Optical method 

c * . 1 

— 

230 

— 

— 

88 

230 

315 

1860 


♦ Taking account of the vibrational spectrum. 


representation of the vibrations in a crystal by means of one proper 
frequency (or one limiting frequency) is only permissible when the 
lattice may be regarded as an atomic lattice. In substances of more 
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complicated structure so many proper frequencies occur thiit it is 
almost impossible to disentangle them. 

4. Liquids 

Between the two extreme states of aggregation of matter-- })erfect 
gas and crystal—lies the region of real gases and liquids, about which 
relatively little is known. According to the van der Waals theory, 
there is a continuous transition between the gaseous state and the 
liquid state, which can be treated exactly by the equation of state 
referred to in Vol. II, p. 90. A liquid, then, may be regarded as a 
highly-compressed gas which is not maintained in its state of com¬ 
pression by pressure applied externally, but by the forces of attraction 
between its molecules. There are a number of problems, however, 
which cannot be solved by this theory, particularly problems concerned 
with the spatial arrangement and motions of the molecules of a liquid. 
It is found that liquids possess properties similar to those of solids, so 
that we must assume the presence in liquids of couplings between the 
individual molecules, similar to those occurring in solids. Thus the 
motion of any particailar molecule in a liquid depends on the motions 
of the neighbouring molecules. 

The Scattering of Light by Liquids.- The thermal motions of the 
molecules of a solid may be regarded as a superposition of elastic waves 

(fig. 10, p. 415). An incident light 
beam will be scattered by these 
waves. As is indicated in fig. 15, 
the scattering may be thought of 
as due to reflection at the wave- 
fronts, just as in the Bragg theory 
of the reflection of X-rays at the 
lattice planes of a crystal (p. 68). 
Thus for given directions of inci¬ 
dence and observation only waves 
with fronts equally inclined to these 
two directions will be effective, and 
among such waves, only those with a particular wave-length. Different 
directions of observation will correspond to different suitably oriented 
waves. Then the wave-fronts of the elastic waves constitute moving 
reflectors for the light, so that a Doppler effect must arise. Hence we 
may anticipate that incident monochromatic light will be split up into 
two distinct frequencies by reflection at the moving elastic waves. 
Instead of the original frequency v we may expect to get tw^o frequencies 
+ Ai/, where Av= vjX, v being the velocity of the elastic waves 
(i.e. the velocity of sound) and A the wave-length of the elastic waves 
in the liquid. An experiment of the kind outlined here will therefore 
throw light on the question whether the molecules of the liquid move 



Fig. I s-—Reflection of light by acoustic waves 
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freely and independently, like those of a gas, or whether there is a 
strong (‘oupling between them, as in a solid. With the first of these 
alternatives the scattering of light would result in a broadening of the 
incident frequency, owing to the Doppler effects of the random motions 
of the scattering molecules. With the second alternative, on the other 
hand, we should expect a distinct splitting into the two components 
mentioned above. 

Investigations carried out in Debye’s laboratory (using the mer¬ 
cury line 4358 A. and the zinc line 4()8() A.) have actually demon¬ 
strated the occurrence of lines of modified frequency in the scattering 
of monochromatic light by liquids. It was found, however, that a 
line of unmodified frequency is also present in the scattered spectrum, 
although, according to the calculations of Bkij.louin, siu^h a line is 
not to be expected. Thus these experiments prove that there must be 
a strong coupling between each molecule and its neighbours in liquids, 
as a result of which the molecules can probably }>erform a kind of 
vibration. The vibrations of a given mol(‘(*ule do not, however, take 
pla,c(^ about a fixed point in the substance (as is the case in solids); 
but rather about a ]K)int whose position moves about rttatively slowly 
in the liquid. This view is also in agreement with the atomic heats of 
monatomic liquids, e.g. mercury with C„ = 5-87 cal. per gramme-atom, 
which corr(\sf)ond to the Dulong and Petit value for solids and indi¬ 
cate the exist(‘nce of six degrees of freedom. 

Debye and Sears have also suc(5eed(Hl in demonstrating th(i re¬ 
flection of light at artificially-])roduced 
acoustic wav(‘s. With the help of an 
oscillating quartz crystal of high fre¬ 
quency they excited supersonic waves 
(with a wave-length of a few tenths of 
a millimetre) in a liquid, and then found 
that a beam of light is diffracted by the 
liejuid in just the same way as by an 
<)})tical grating. This may be explained 
by assuming that the acoustic waves 
])roduce a regular succession of con- 
ilensations and rarefactions throughout 
the liquid, and that these act as the 
lines and spaces of a grating. The 
phenomenon provides a convenient method for determining the 
velocity of sound in a liquid, and hence its compressibility (see 
fig. 16). 

The Scattering of X-rays by Liquids. —Observation of the X-ray 
diffraction effects of liquids may be cxpr^cted to give information 
about regularities in the arrangement of the molecules, the distances 
between which arc of the same order of magnitude as the wave-lengths 



Fij?. 16.—Grating spectra of various 
orders produced by very short acoustic 
waves in water (after Lucas and Biquard). 
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of X-rays. Actual experiments do in fact give such effects, but com¬ 
pared with the effects obtained with crystals they are rather vague. 
Yet the results prove that regularities of arrangement must be present, 
and that the distances involved are of the expected order of magnitude 



Fig, 17.—Probability of occurrence of various interatomic distances in liquid mercury, 
as deduced from X-ray difTraclion (after Debye) 


(see fig. 17). So far it is not possible to give precise information about 
the arrangements of molecules in liquids; but we may assume that 
there must be a lattice-like structure extending at least over small 
regions, although the individual lattice points must be continually 
changing places. 

The diffraction effects just referred to must be distinguished from 
other superimposed diffraction effects due to the regular arrangement 
of the atoms within the individual molecules, which also involves 
distances of about the same magnitude. These latter effects are those 
which are observed for vapours. In addition to liquids, therefore, 
Debye has investigated vapours. He finds marked diffraction effects 
in the vapours of substances with polyatomic molecules (e.g. CCI4, 
see p. 251), whereas in monatomic vapours (e.g. Hg) scattering is alone 
observed. 


CHAPTER VIII 


Electrodynamics of Moving Media 

1. The Effect of Motion on Optical Phenomena 

The Problem of “ Absolute Motion —Phenomena involving the 
eftect of the motion of material bodies on electromagnetic processes 
are of great importance in fundamental physical theory, for they are 
most intimately concerned with the problem of the interaction between 
matter and ether. The experiments of this type which have been 
performed are especially interesting in that they have revealed a 
behaviour essentially different from that anticipated from tentative theo¬ 
retical ideas based on other observations. In these tentative theories 
it was assumed that all space is filled with a substance known as the 
ether, and that the effects produced by the motion of matter are due 
to movement relative to this ether, which is itself supposed to be at 
rest. The usual measurements of the velocity of a body merely give 
the velocity relative to some other arbitrarily chosen body; but accord¬ 
ing to the views just mentioned it must also be possible, by means of 
experiments on the effect of motion upon electromagnetic phenomena, 
to determine the absolute velocity of a body, i.e. its velocity relative 
to the ether which fills all space and is the carrier of edectromagnetic 
phenomena. It is found, however, that the problem of absolute 
motion is by no means so simple as this, and the interpretation of the 
various exjierimentally-observed facts has formed one of the most burn¬ 
ing questions in physics for more than a century. We shall first give 
an account of the experimental data. 

The nature of the problem will be clear from the following example. Imagine 
two bodies A and B moving in any manner whatever. The motion of B may be 
described by regarding A as at rest and stating the velocity of B relative to A. 
Conversely, the body may be assumed as at rest and the motion of A described 
as relative to it. The question at once arises (and this is the fundamental prob¬ 
lem in its simplest form), which of the two bodies is really in motion? Accord¬ 
ing to the views referred to above, it must be the one which is moving relative to 
the ether, i.e. the one for which modifications of electromagnetic phenomena are 
observable. Is it in fact possible to determine absolute motions in this way, and 
what are the modifications of electromagnetic phenomena involved? Or has 
the idea of absolute motion no physical meaning, and must we speak only of 
motion relative to material systems of reference? 
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ELECTRODYNAMICS OF MOVING MEDIA 


Effect of the Motion of the Source on the Velocity of Light. —From 
the experimental evidence hitherto accumulated it must be con¬ 
cluded that the velocity of 'propagation of light is independent of the 
motion of the source from which it is emitted. 

This follows from observations upon double stars (so-called 
binaries) in the direction of motion. The motions of double stars, as 
observed directly or s])ectroscopically (i.e. by the 
Doppler displacements of spectral lines) can be 
satisfactorily explained by Kepler’s laws on the 
assumption that the velocity of light is unaffected 
by the motions. Consider the case of a binary 
system (fig. 1) whose orbital ])lane contains the 
direction of observation of a terrestrial observer. 
If the velocity of light relative to the star were c, then 
the velocity of light relative to tlie observer (assumed 
at rest) would be c + t? at the i)oint A and c — v at 
the point B. Owing to the greater rate of advance 
of the light from A, the arrival of the star at A 
would be observed too early as compared with its 
arrival at B. In certain circurnstaiu^es the two 
times of arrival might even a.])])(‘ar to be simultaneous. Actually the 
times at which the star is at A and B can be determined from the 
maxima of the Doppler effect. Observations upon a suitable systcun 
(^ Aurigae) have proved that the variation of the velocity of liglit 
throughout the whole orbit must certainly be less 
than 2*5 X I0~^ of the velocity of the star. 

Observations at right angl(\s to the direction 
of motion have been made by J. Stark on positive 
rays of hydrogen. The positively-charged hydro¬ 
gen atoms fly through the hole in the cathode K 
(fig. 2) with velocities up to 10® cm. per second, 
and strike against the metal surface A. The s])ace 
also contains mercury vapour at rest. Emission of 
light from the moving hydrogen atoms and the 
mercury atoms at rest can be observed immedi¬ 
ately in front of A. An image of this emitting 
region is focussed on the slit of a spectrograph 
placed outside the window F. The observation is 
thus at right angles to the direction of motion of 
the hydrogen atoms, the spectrograph slit being 
parallel to this direction. In these circumstances 
the length of the spectral lines obtained will be limited by the metal 
surface A. If now the motion of the hydrogen atoms imparts a lateral 
velocity component to the light emitted from them, there must be a 
lengthening of the hydrogen lines as compared with the lines emitted 



Fig. 2. — Stark’s ex¬ 
periment on the velocity 
of propagation of light 
emitted by atoms in mo¬ 
tion and atonfis at rest: 

K, cathode; A, anode; 
F, window; S, con¬ 
nexion to pump. 



Fig. I. —Velocity of 
light from a double 
star. 
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by the mercury atoms at rest. For the actual experiment the calcu¬ 
lated elongation was about 1-2 mm., but no trace of it could be 
observed. Thus the velocity of the light emitted from the hydrogen 
atoms must be the same as that of the light emitted by the mercury 
atoms. The propagation of light is imaffected by the motion of 
the source. 

Doppler Effect. —The effect of the motion of the source on the 
frequency of the light as determined by an observer has been discussed 
on p. 219. The frequency is altered in accordance with the equation 

) 


V — + 


where is the velocity of the source relative to the observer. This 
equation has been thoroughly confirmed by observations ui)on t;uTes- 
trial and celestial source's. 

Aberration. —In 1725 Bradley* observed small periodic changes 
in the apparent position of the star y Draconic. More detailed investi¬ 
gation has shown that all the fixed stars exhibit these changes of 
apparent position, which are due entirely to the motion of the earth 
round the sun. The phenomenon is c,ailed aherraiion. Every star 
ap})ears to describe an ellij>se with a period of one year and a semi- 
major axis which lies ]jarallel to the ecli])tic (the plane of the earth’s 
orbit) and subtends an angle a — 20-47". For stars situated in the 
ecliptic the motion is on a straight line (ellipse of z('ro minor axis): 
for stars at the pole of the ecli})tic the motion is circuliir. Tlie a])parent 
displacement of the stars is always in the direction of t he earth’s orbital 
motion. 



d 



Fig. 3.—Diagram to explain aberration 


The explanation of aberration is as follows. Consider a ray of lip:ht vSA (fig. 3«) 
passing through a telescope at rest, as shoTVTi in the figure. Now let the telescope 

♦ James Bradley (1693 -1762), Astronomer Royal from 1742 to 1752. 
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be moving with the velocity at right angles to the direction of the ray. A light 
quantum, which enters the telescope through the middle of the objective, passes 
through the instrument with velocity c, while at the same time the telescope moves 
laterally with velocity v,. If t is the time which the light takes to traverse the 
length of the telescope, the distance through which the telescope moves during 
this time is VgX, the new position being shown diagrammatically by the dotted 
lines in fig. 36. It is clear that the light quantum will not leave the telescu)pe 
through the middle of the eye-piece (as it did when the telescope was at rest, 
fig. 3tt), but somew'hat to the side. Relative to the telescope, therefore, we obtain 
the figure shown in fig. 3c, the angle a between the ray and the axis of the tele¬ 
scope (see fig. 3d) being given * by 



The telescope must therefore be inclined at this angle in order to bring the imago 
of the source of light (i.e. the star in question) into the middle of the field of view. 
As can be seen from fig. 3c, the telescope must be tilted forwards in the direction 
of its motion. 

The apparent displacements of the positions of the fixed stars can 
therefore be calculated from Vg, the component of the earth's velocity 
at right angles to the dir(‘ction of observation. The mean velocity of 
the earth in its orbit is 30 km. per second (i.e. 3 X W cm. j)er s('cond), 
whence we obtain a = v^jc = 3 X 10®/(3 X 10^®) ™ 10“'* radian = 20*6". 
More accurate data give a ~ 20*47", the uncertainty lying mainly 
in the value of the mean orbital velocity of the earth. 

It is important that the student should clearly realize that this 
aberration is only observable because of the 
non-uniformity of the earth’s motion. If the 
motion of the earth were uniform and rectilinear, 
all the stars would be subject to the same ap¬ 
parent displacement relativ^e to the positions 
w^hich they would appear to occupy if the earth 
were at rest. This displacement could never be 
determined, however, because the position corre¬ 
sponding to the earth at rest would be unknown. 
The observed displacements are due to the non¬ 
uniformity of Vg, Thus aberration belongs to a 
class of phenomena characteristic of non-uniform 
motion, e.g. the Foucault pendulum experi¬ 
ment. 

Aberration is accordingly independent of the 
motions of the stars and consequently not dependent on the relative 
motion of the stars with respect to the earth. This is confirmed by 
observations on double stars. As Lenard has shown, these exhibit 

* Here it is assumed that the velocity of light is c relative to the system of reference 
in which the telescope is at rest (see p. 444). This makes only a negligible second-order 
difference as compared with the assumption that the velocity of fight is c relative to 
the system of reference used in measuring 



to earth 


Fig. 4.—Aberration of a 
double star 
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normal aberration. If the aberration were dependent on the relative 
motion, binary systems would show a marked apparent lateral separa¬ 
tion of the positions C and D of fig. 4. Actually no such separation 
is observed. 

Ether Drag —When light is passed through a material medium 
(e.g. flowing water) which is moving with a velocity v relative to an 
observer, the velocity of light (i.e. the phase velocity) as measur(‘d by 
this observer is given by the equation 


v=-±(i--\)t>=cru(i-iv], 
\ MV .M \ MV J 


in which p is the refractive index of the medium. The quantity 



is called Fresnel’s coefficient of ether dray (Fkesnel, 1818). 

The following point rniiat be borne in mind in connexion with the refractive 
index p,. Owing to the motion of the medium, the frequency of the light relatives 
to tJie medium as compared w'ith the frt'quency observ ed by the observer is modi¬ 
fied by the Doppler effect. The refractive index in the fonmila must be that for 
the fre(|uency relative to the medium. 


The first (‘xperimontal determination was made by Fizkau in 1851. 
Further experiments were carried out by Michklson and Morley 
(188G) and very accurate measurements were made by Zeeman (1914). 
The principle of the experimental apparatus is illustrated in fig. 5. 



Fig. 5.—Diagram of apparatus for measuring the ether drag in moving water 


Light from a source L is incident on a half-silvered plate G, by means 
of which it is divided up into two partial beams. One is reflected to 
the mirror and thence to the prism P, where it is twice reflected and 
passes to the mirror Sg and thence back to the plate 6. The other 
partial beam traverses just the opposite path. The two beams are 
united again at the plate G, and the interference phenomena due to 
their superposition are observed in the telescope F (as in the Michelson 
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interferometer, Vol. IV, p. 190). On the way be tween the mirrors Sj 
and Sg and the prism P the beams pass through tubes (in Zeeman’s 
experiments these were about 3 metres Jong) in which water is flowing 
(at a speed of about 5 metres per second). The direction of the flow 
of the water is arranged (see fig. 5) so as to be the same as that of one of 
the paitial beams and opj)osite to that of the other. Thus if the mo\dng 
medium drags along the ether with it, the eflect will be to accelerate 
one partial beam and retard the other. This will mean an optical path 
difference and a consequent dis])lacement of the interference fringes 
from their })ositions when the water is at rest. The displacements 
observed in the actual experiments were of the order of J to I fringe- 
breadth. It was found that the observations were in good agre(unent 
with the Fresnel formula given above (a(*count being taken of the ])roper 
value of /X to be used- see above). The refractive index of water being 
about 4/3, we have e — 7/1G, i.e. approximately L Thus the velocity 
of propagation of the phase of the light wav(‘s is altered by about half 
the vidocity of flow of the water. Zeeman has also carried out ex])eri- 
rnents with moving solid bodies (cylinders of glass and quartz). 
Good agreement was again obtained between observation and the 
formula. 

It is important that the student should <d(‘arly realize that the 
])henomena are not due to a partial carrying along of the ether by the 
moving medium, such as is suggested by tlu‘ term “ coeflici(*nt of ether 
drag Th(‘ name “ ether <lrag is a relic from earlier tirm s. \\'hat 
is actually observed is an alteration of p//u.sc velocity, i.e. in a certain 
sense a change of the refractive^ index of the medium (distinct from that 
due to the Doppler efl'ect). The velocity of light relative to the observer 
being c, a greater number of molecules will be encountered by the 
light per second when the medium is moving against the light than 
when the medium is at rest. Now the diminution of phase vcdocity in 
the medium (corresponding to the refractive index) is due to the 
•superposition of the elementary waves scattered from the individual 
molecules of the medium. Motion of the medium against the direction 
of propagation of the light must therefore have the same effect as if 
the medium became denser (the properties of the molecules othc^rwise 
remaining unaltered), i.e. must result in an increase of refractive indc^x 
and a corresponding diminution of the phase velocity of the light. 
In 1895 H. A. Lorentz proved from the electron theory of dispersion 
that this diminution must be in accordance with the Fresnel formula. 
There is, however, no reason to doubt that even in a medium mr)ving 
in a terrestrial laboratory the signal velocity (Vol. IV, p. 172) is c relative 
to an observer who is at rest in the medium. In the propagation of 
light through a material medium the wave-head does not keep the 
same phase (as it does e.g. in a vacuum, where the phase velocity is 
oqual to the signal velocity), but is continually varying in phase in 
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such a way that it glides forward (as it were) over the more slowly 
advancing phase motion. 

The fact that masses of matter such as are available for investi¬ 
gation in the laboratory do not drag along the ether to an appreciable 
extent has been demonstrated by Lodge.* He used an interferometric 
apparatus similar in principle to that shown in fig. 5, and investigated 
light which had passed very close to large rotating discs of steel. No 
effect uj)on the velocity of the light could be detected, even when the 
discs were strongly electrified or magnetized. Any dragging along of 
the ether which may occur is so small that the consequent alteration 
of the velocity of light is certainly less than 1/1000 of the velocity of 
rotation. 

The Part played by Ether Drag in Experiments on the Effect of 
Motion on Electromagnetic Phenomena. —The value of the coefficient 


of ether drag occurring in the Fresnel formula is of great importance 
in so far as it indicates that the optical result of an experiment on the 
effect of motion must remain unaffected by the interposition of a 
material medium (except for effects of the second order, i.e, propor¬ 
tional to (vjef). Some examples 
of this will now be considered in 
more detail. iW;;! 

W'e shall find it convenient A • 

to adopt the following nomen- 1 v-u^ 

clature. The direction of the _ T 1 \ 

wave-normals, i.e. the direction v ^ Z ]) \f ^ 

of advance of the wave motion 

relative to the system at rest, v~Ug 

will be called the absolute ray. ll 

On the other hand, the path of u 

the light relative to the moving 

medium will be called the relative ^ ^ , , , . , 

rf., . - ,, , Fig. 6.—^Validity of the law of refraction for 

ray. Ihe meaning of these terms relative rays 

will be clear from fig, 3, c and e 

(p. 425), in which the dotted line is the absolute ray ana the corre¬ 
sponding continuous line the relative ray. As a result of ether drag, 
all ojptiml laws of media at rest remain valid to a first approximation | 
/w* the relative rays in moving 7nedm. 


As an example we may choose the laiv of refract ion. Let AB in fig. 6 be the 
surface of separation of two media 1 and II. Let the wave-fronts of the incident 
light waves be parallel to AB, i.e. let the absolute ray El) be normal to the inter¬ 
face. Further, suppose that the velocity of propagation in the medium I is 


• 8ir Oliver Lodge (]8.')1~1940) was Professor of Physics at University College, 
Liverpool, from 1881 to 1900, and then Prim ipal of Birmingham University until 1919. 
He was also distingiiished for his work on lightning, electrolysis, the electron, wireless 
communication, &c., and was keenly interested in psychical research. 

•f I.e. neglecting all terms in (r/c)* and higher powers. 
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and in the medium IIC 2 , and that the media are moving with the common velocity 
V from B towards A. The phase velocity of the light in the direction BA is then 
less than v in both media. Let it be v — % and v — respectively. Light starting 
from E proceeds to D, relative to a system of reference at rest. On account of the 
motion of the medium, the path of the light relative to the medium (relative 
ray) is EF. While the light has travelled from E to II it has drifted relative to 
the medium, which has thus advanced the distance F.I) relative to it. We there¬ 
fore have tan ai = At the point F the light enters the medium II. The 

absolute ray remains normal to the interface AB, since normal rays are not re¬ 
fracted. Hence if the second medium were at rest the light would arrive at H. 
Owing, however, to the motion of the medium and the ether drag, the relative 
ray is FG, and we have tanag — W 2 /^ 2 ‘ Hence neglecting quantities of the second 
order of smallness, as is permissible on account of the smallness of the angles, 
we may write 

™ tanaj _ 
sinao tanag UiCi 

Now the ordinary equation for the law of refraction is 

sin aj _ Cj 
sin ag Cg 


If the two equations are to be identical, i.e. if the law of refraction is to remain 
valid for the moving media, we must have 


"r'2 


’-1 


fn the case in which medium II is a vacuum, Wg = 
becomes 


V and Co = c, and the condition 



V 


This means that the vc'locity imparted to the phase 
motion of the light by the drag of the movement of 
the medium I must be 


v — w. — v-^ 




Fig. 7.—Aberration in the 
case of a telescope filled 
with water. 


But this is exactly the result given by Fresnel’s 
equation (p. 427). 

It follow'B that all experiments on the positions 
of the fixed stars must give the same results as if 
the earth were at rest and the stars were displaced 
through the definite angle of aberration. Thus we 
can explain the result of the experiment of Airy 
(1871), who determined the aberration by using a 
telescope filled with water. Since the velocity of 
propagation of light in water is less than in air, the water-filled telescope must 
move through a greater lateral distance than the air-filled telescope during the 
time of passage of a light quantum through it (compare fig. 3, p. 426). It 
might therefore be expected that the angle of aberration would be increased by 
filling the telescope with water. The experiment of Airy, however, showed that 
the angle of aberration is unaffected. The reason for this negative result is 
that the light is dragged sideways by an amount which exactly compensates for 
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the slower velocity in the direction of the axis of the telescope. If the lateral 
velocity of the telescope is Vg, the corresponding lateral velocity of the light (see 
fig. 7) will be 

Wo have 

tan p — — — sin p, 


and hence, since sin a/sin [3 ~ (jl by the law of refraction, we obtain 

. ,, [lU (Jt Vg Vg 

sin a = LL sin B = = - ? = 

c, r, 1^2 c 

This result is independent of p, and the aberration therefore remains the same, 
no matter what the medium witliin the telescope is. 


Veltmann’s Theorem. —It was first shown by Veltmann (1873), 
and later more fully by H. A. Lorextz, that as a result of ether drag 


A 



Fig. 8.—Diagram to illustrate Veltmann’s theorem 


a common uniform motion of light source, material medium, and 
observer cannot have any first-order effect upon optical phenomena. 
Since in all practicable experiments the light must pass from one station 
to another and liack again, we are always concerned with a closed 
optical path, such as is represented diagrammatically in fig. 8. When 
the system is at rest, the time t taken for the propagation of the light 
from A back again to A is given by 




j Cji Cj 


Now let the whole system be moving with the velocity v in the direc¬ 
tion from G towards F. Using the notation introduced above, the 
velocity component imparted to the light by this motion is always 
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so that in consequence of the motion of the system the light gets a 
velocity in the direction from F to G relative to the medium. As 
the optical path remains unaltered by the motion, the relative rays 
form the same polygon A—A as before. Consider the side AAj, and 
let the velocity of the light relative to the moving medium be 
If the time taken by the light to pass from A to Aj is we have 
(see fig. 8) 

AAi = AjB — AB = 

Since is very small, it follows that 

q' = Cj + cos (^ 1 , 

where is the angle between AAj and the direction of motion of the 
system. Hence 

< = ii = _ «i ^ 

^ Cl' Cl + Mj C0.S<^1 Cl 1 . Ml , ■ 

^ 1 1 Ti 1 1 ^ _ 1 eos0i 


Neglecting quantities involving higher powers of (Wi/q) than the first, 
we have 



Corresponding expressions hold for all the other sides of the polygon. 
The total time t' taken by the light to pass right round the optical path 
when the system is in motion is therefore 


t' 





cos^„. 


But for a closed polygon we have 


Therefore 


i.e. 


n 


2 Sn COS^„ = 0. 
1 


2 = 2 
1 1 


t' = t. 


The Experiments of Sagnac and Harress. —On the other hand, we 
may expect that the time taken by the light to pass round the polygon 
will be affected by a rotational motion of the whole system; for in this 
case the light may be moving with or against the motion of the system 
throughout the whole of its path. Fig. 9 is a diagram of the experi- 
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mental arrangement used to investigate this question. Light from the 
source L is split up at a into two partial beams hy means of a half- 
silvered surface between the two 
glass plates and Gg. One of 
the partial beams is reflected by 
the mirrors So, S 3 , and S 4 in 
order, and returns to a, while the 
other traverses the same path in 
the opposite sense. The two a 
Ix^ams then fall superimposed on 
the photographic plate P, where \ 
the interference pattern thus pro¬ 
duced is photographed. Let I be 
the length of an element of the 
optical path at a distance r from 
th(j axis of revolution of the 
system where the linear velocity Fig. 9.—Sagnac’s experiment 

of the system is v. The time 

which light travelling in the same sense takes to cover this distance is 
fi ■= ll(c —• v). The corresponding time for light travelling in the 
opposite sense is The difference between these 

times is 

A< = <1 - <3 = — -L = -j—^ - 

c — V C'\~ V cr — 0^ 



Neglecting i’- in comparison with c^, we may write When 

V — 0 , we have A^ = 0 , i.e. the time is the same for either sense. When 

V 4 = 0 , the time difference causes a displacement of the interference 
fringes. If the path difference is just one wave-length A (i.e. if M is 
just equal to one period A/c), the system of fringes is displaced 
by one fringe. Hence the path difference expressed in wave¬ 
lengths (or the displacement of the interference pattern expressed 
in fringes) is 

» «. il/v A 2il 'V 
AA ~ 

c Ac 


The effect is thus of the first order. An actual element of path-length 
li which makes an angle with the direction of rotation has the com¬ 
ponent li cos <f>i in this direction. Since v, the linear velocity of rotation 
of the system at this point, is given by v = where o) is the angular 
velocity and the distance from the axis of rotation, the corre¬ 
sponding path difference is 


AA, - 


2li cos<f>iria} 

Ac 


2w 

Ac 


cos^,-. 


(e 957) 


29 
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Summing over the whole optical path, we obtain the total path dif¬ 
ference due to the rotation of the system, namely 


But 


A A — S IfTi cos 
Ac 

^liTi COS(f>i = 2S, 


where S is the area of the surface enclosed by the optical path. Hence 

A, 4o>S 


or, if p = coK'lrr) is the number of revolutions per second, 


AA- 


STrpS 
Ac * 


The experiment was carried out by Saonac in 1914, usin<^ p = 1-2 
revolutions per second, S = 865 sq. cm. and A ™ 436 Wfx. The positions 
of the fringes were compared for opposite directions of rotation, so 
that the effect was doubled, as compared with tlie procuMlure in which 
the position of the fringes with the system at rest is taken as reference 
point. The method adopted also eliminated effects due to chang(‘S of 
shape resulting from the centrifugal forces set up by the rotation. 
The observed displacements were of th(^ order of 0*05 of the distance 
between successive fringes. Similar experiments have recently been 
carried out with increased accuracy by Poo any. The results are in 
good agreement with the formula given above. 

According to what was said on p. 430, the r(\sults of experiments 
of this kind involving first-order effects must remain unaffected by 
the presence oi a material medium. In a medium of refractive index /x 
the velocities of propagation of the two oppositely-directed rays are 



Relative to the moving medium, therefore, the velocities must be 


2lv 


Thus the result is the same as in the absence of a material medium. 
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Experiments with a medium present are very difficult from the tech¬ 
nical point of view, but have been carried out by Harress (1912) and 
PooANY (1928). The results obtained are in good agreement with the 
theory. 

In 1925 MiCHKiiSON * and Gale performed a similar experiment, 
using the rotation of the earth. Owing to the smallness of p, it was 
iK'cessary to make S very large in order to obtain a measurable effect. 
A rectangle 613 metres by 340 metres (S 2*1 X 10^ sq. cm.) was 
us('d. For obvious experi- 
mcmtal reasons this rectangle 
had to be horizontal, so that 
only the projection at right 
angl(\s to the earth's axis was 
effe(‘tive. (TJie experiment was 
carried out in latitude 42°.) 

A further difficulty arises from 
th(' fact that it is im])ossible 
to sto}) or reverse the earth’s 
rotation and obtain a reference 
})osition for tlie measurement 
of fringe displacements. To 
overcome this, us(‘ was made of an auxiliary optical path enclosing 
so small an area that the effect in it was negligible* (see fig. 10). In 
ord(‘r to prevent undesirable disturbances, the light was made to 
travel through evacuated tubes. The observed displacement of 0*24 
of a fringe is in agreement with the Saonac formula. 

The Interference Experiment of the Second Order (the so-called 
Michelson Experiment). —No first-order effect (i.e. no effect propor¬ 
tional to vjc) can be observed when the light source, apparatus, and 
observer all have a common uniform rectilinear motion and the optical 
path is a closed one (in the limit, runs to and fro between two points). 
For if I is the path-length in the direction of motion, the times taken 
by the light in the two senses are lj(c + ??) and the total time is there¬ 
fore 

_l I ^ 

c — -y c -f -I’ — v^' 

The corresponding total time when the system is at rest is 21 jc. The 
time difference introduced by the motion is therefore 

A __ 2cl _ 2? _ 2lv^ ^ 21 /vy 

c c(c^ — v^) c \c/ * 

which is of the second order of smallness. It was shown on p. 431 

* Albert Abraham Mjc^elson, born at Strelno (Posen), was professor at Chicago, 
received the Nobel Prize in 1907, died in 1931 (see Vol. II, pp. 190, 201, 209, 217). 



Fig. lo.—Diagram of the. earth-rotation ex¬ 
periment of Michelson and Ciale 
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that this result is unaffected by the presence of a material medium. 
As was pointed out as early as 1878 by Maxwell, experiments on the 
influence of uniform rectilinear motion can only be expected to show 
effects of the second order, i.e. effects proportional to (c/c)^. Owinjj to 
the smallness of v, such effects must be very much smaller than first- 
order effects and hence must ordinarily be beyond the limits of obser¬ 
vation. Cosmic velocities of several 
kilometres per second must be in¬ 
vestigated if an appreciable effect is 
to be hoped for. 

The simplest suitable apparatus 
is the Michelson interferometer, 
the principle of which has been 
described in Vol. IV, p. 190. For 
the method of producing inter¬ 
ference fringes with the reflecting 
mirrors at equal distances from the 
separating plate, as in the j)resent 
application, see Vol. IV, p. 193. 
We shall now consider the case 
(fig. 11) in ’which the interferometer 
is moving in the plane of the figure 
wdth the velocity v. The direction of motion (as indicated in the figure) 
is parallel to the one arm of the instrument and at right angles to 
the other. 

Consider first the arm GSj, which is parallel to the direction of 
motion. If the length GS^ is i, the total time tj, which light takes to 
pass from G to and back is (as above) 

_Z 

^ c — V c-\- V — C - 

c2 

Since vjc is very small compared to unity, we may therefore write 



We now consider the other arm GSg, which is at right angles to the 
direction of motion. Here too the motion causes an alteration of the 
time taken by the light to pass from G to Sg and back, as compared 
with the time taken when the system is at rest. For in the time tj, 
the point G of the dividing plate, as judged by an observer not sharing 
the motion of the apparatus, has moved to G' (see figure). The light 
travelling along the arm GSg therefore traces out two sides of an 
isosceles triangle, each of length s, the angle between them being 


X 



Sj S/ 


Fig. II.—Diagram of Michelson’s experiment 
(absolute rays shown dotted) 
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twice the angle of aberration a (given by sin a = v/c). Let the length of 
the base 66' of this isosceles triangle be 2x. Then each side is given by 


Since a? = 5 sin a = sv/c, we have 




whence 



The time taken by the light in its double journey along this arm is 
therefore 



The difference At between the times for the two arms of the instru¬ 
ment is obtained by subtraction, namely 

2h 


At - K - t. 




This time difference means that the two beams combine at the dividing 
plate wdth their phase difference altered from the value which it has 
when the whole system is at rest. Hence the motion of the system 
may be expected to cause a displacement of the interference fringes. 
Th(? displacement, expressed in terms of the distance between suc¬ 
cessive fringes (i.e. the path difference expressed in w^ave-lengths) 
will be 

AA = A./- = „. 


An important case is that in which the velocity v of the whole 
system is maintained indefinitely; for then it is not possible to compare 
the position of the interference fringes with their position when the 
system is at rest. This difficulty can be overcome, however, by mount¬ 
ing the whole apparatus so that it can be turned about an axis. Rota¬ 
tion through 45"^ from the position represented in fig. 11 brings both 
arms into the same inclination to the direction of motion, so that by 
symmetry the effects will be the same for both and will just balance 
one another. This position can therefore be used for the desired c(>m- 
parison. Moreover, if the apparatus is rotated through a further 45° 
(i.e. through 90° in all), the arm which was originally parallel to the 
direction of motion will be brought into a position at right angles to 
this direction, and the arm which was originally at right angles to the 
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direction of motion will be brought into a position parcO-llel to this 
direction. Hence the displacement of the fringes relative to the inter¬ 
mediate setting will be reversed. Thus rotation of the apparatus 
through 90° must double the effect. 

Up to the present it has not been possible to carry out this so- 
called Michelson experiment for motions of the apparatus relative to 
the earth’s surface. The experimental difficulties in eliminating dis¬ 
turbing effects due to vibration, temperature variations, &c., ar(‘ too 
great. For the experiments of this kind using the motion of the earth 
in space see p. 442. 

2. The Effect of Motion on Statical Electric and Magnetic 
Fields 

First-Order Effects. —Every electric charge moving with the velocity 
V is associated with a magnetic field of strength proportional to vjc. 
This has been discussed in Vol. Ill, and special reference may be made 
to the experiments of Rontgen, Rowland, and Eichenwai.d chvscribed 
there (Vol. Ill, p. 164 et seq.). The magnetic field which is jiroduced 
by the motion of electric charges is observable by an observer at rest 
relative to the earth’s surface, and the field strength is })roportional to 
the relative velocity of the charges with respect to this observer. On 
the other hand, the motion of a magnetic field is associated with the 
production of an electric field which is at right angles both to the 
direction of motion and to the magnetic lines of force (sc^e Vol. Ill, 
fig. 8, p. 164) and whose field-strength is proportional to the relative 
velocity of the magnetic field with respect to the observer. This electric 
field has been demonstrated experimentally by H. A. Wilson (1904) 
and W. Wien (1914). The effect is determined only by the ndative 
velocity of the magnetic field with respect to the observer (see further 
p. 451), and for technical reasons the magnetic field in these experi¬ 
ments was kept at rest relative to the earth and the observer (test 
body) was made to move. In Wilson’s experiment an insulated 
hollow cylinder whose surfaces were coated with metal was rotated 
in a magnetic field. As a result of the rotation, the surface of the 
cylinder became electrically charged. W. Wien shot luminous positive 
rays of hydrogen with a velocity of about 500 kilometres per second 
through a magnetic field of about 14,000 ampere-turns per centi¬ 
metre. Owing to the motion relative to the magnetic field, an electric 
field is superimposed on the fields of the atoms (p. 451), and the wave¬ 
length of the light emitted is altered by the Stark effect. The magni¬ 
tude of the observed Stark effect forms a measure of the strength of 
the electric field involved. The experiments showed that the electric 
field-strength E is indeed proportional to the relative velocity v of the 
charged particles with respect to the magnetic field, namely E== 

The effect is of the first order. 
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Simultaneous Motion of Field and Observer. —In the above experi¬ 
ments the conditions of motion are quite analogous to those in the 
previously-described optical experiments which exhibit a first-order 
effect. It is possible, however, to arrange the experiments so that the 
whole system (including the observer) is in motion. In optical experi¬ 
ments of this kind no first-order effect can be observed. H. A. Lorentz 
has shown that, according to Maxwell’s equations, first-order effects 
must likewise be absent in experiments on statical or stationary electric 
and magnetic fields, because of the exactly-compensating effec'-ts of 
the motion upon the test body itself (see p. 451). Accordingly, it is 
impossible (so far as first-order effects are concerned) for an observer 
to demonstrate the magnetic field produced by the motion of a charged 
condenser, if the observer himself shares in that 
motion. This is completely analogous to the optical 
case. Up to the present, experiments of this kind 
have not been carried out with motions relative to 
the earth’s surface. 

The Trouton-Noble Experiment. —Just as in optical 
ex])('riments, efiec.ts of the second order may be 
ex])octed in experiments on electric and magnetic 
fields. The greatest sensitiveness is attainable with 
an apparatus in which the turning moment acting 
iijion a plate condenser is determined. This arrange¬ 
ment was first suggested by Fitzgerald, and the 
experiment was first performed by Troutox and 
Noble, using the motion of the earth (p. 443). 

A plate condenser is suspended (fig. 12) so as to 
be free to turn about an axis parallel to the plane 
of the plates. Fig. 13 shows the condenser as seen 
from above. Let A be the area of each plate, s the 
distaiKJo between the plates, a the surface density 
of charge, and K the dielectric constant of the /If* —rjiagram 
medium. Motion of the condenser at right angles to Trouton and Noble, 
the lines of force of the field between its plates pro¬ 
duces a magnetic field of strength H and energy density == 

(Vol. Ill, p. 429), where ju/Xg is the absolute permeability of the dielectric 
(Vol. Ill, p. 404). But H = av, where v is the velocity of motion. 
Hence The total energy of the magnetic field in the 

space of volume As between the plates is 

^ Woa2?;2As. 

Now the capacity C of the condenser is given by C= KKgA/s (see 
Vol. Ill, p. 84), where Kg is the fundamental electrostatic constant. 
Hence if Q is the charge on the condenser and U the potential dif¬ 
ference between its plates, we may write 
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Q_p_ KKqA 

whence 

_Q_KKoU 

^ A s’ 

Substituting this in the expression for obtained above, we have 

Ew ,2s 

The electrostatic energy of the condenser is given (Vol. Ill, p. 96) 
by Eg == IKKqE^As. Hence, since E = U/s, we have 

_ KKoIT2A 

Combining the expressions for the magnetic and electrostatic energies, 

we obtain the relation 

Em = /x/XoKKoEgi;2. 

In Vol. Ill, p. 616, it is shown that 
— 1 /c^. Hence 

- fjKB, -g. 

If the direction of motion of the con¬ 
denser, instead of being parallel to the 
plates (as assumed above), is inclined to 
the plates at the angle 0 (see fig. 13), then v cos if/ must be substituted 
for V in the above. We then have 

= /iKEg ^2 cos^t/j. 

The total energy E (magnetic and electrostatic) is therefore 
E = E.^l + /xK^'cos*>^ 

Since this total energy tends to become as small as possible, cos^ tends 
to become zero, i.e. ^ tends to become 90°. Thus there is a tendency 
for the condenser to set itself with its plates at right angles to the 
direction of motion. 

The change of energy dE due to a rotation through is given by 
the equation dE = where R is the turning moment and the 

negative sign takes account of the fact that an increase of ^ corre¬ 
sponds to a decrease of E, Hence, since Eg is independent of we have 



Fig. 13.—Plan of apparatus shown 
in fig. 12 
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E = - ^ = /xKE, ^ 2 cos^ siinfr 

== fJiKEe '2 
c 

The moment is therefore a maximum when sin 20 is a maximum, 
i.e. when 20 = 90° or 0 = 45°. The effect is seen to be of the second 
orderj i.e. proportional to v^lc\ 

An experiment of this kind using motion relative to the earth’s 
surface has not yet been carried out, owing to the enormous experi¬ 
mental difficulties. For experiments on the motion of the earth in 
space see p. 442. 

3, The Problem of Absolute Motion 

According to well-founded classical views, the propagation of light 
and the electromagnetic coupling between the fields involved are 
effected by the universal ether, the medium of electric and magnetic 
(and probably also gravitational) phenomena. The space round an 
electrically charged body, for instance, is supposed to be in a peculiar 
state of excitation (the electrical state—presence of an electric field), 
and we can ascribe to every ])oint a measure of this state (e.g. field- 
strength or energy-density). This means that the individual points of 
the space differ from one another in a definite quantitative manner. 
Hence we must suppose that the space is filled with some substance 
which is capable of assuming the different states at different points; 
but we have already seen, in Vol. I, p. 3, that this substance must not 
be thought of as being material. Following upon the recognition of the 
undulatory nature of the propagation of light, the most plausible 
assumption was made that the ether is at rest in space and fills all 
space uniformly. The heavenly bodies, such as the earth itself, were 
assumed to move through the ether without resistance.* According 
to this view, we are justified in asking the question: what is the relative 
velocity of a body on the earth’s surface with respect to this ether at 
any moment, i.e. what is the “ absolute ” velocity of the body? The 
earth itself undoubtedly moves through space. It possesses a velocity 
of about 30 kilometres per second in virtue of its orbital motion round 
the sun. Then the sun has a velocity of about 19 kilometres per second 
relative to the nearer fixed stars and directed towards the constellation 
of Hercules. In addition, there is a velocity of several hundred kilo- 

* This is not so difficult to imagine in the light of more recent views upon the 
structure of matter, according to which matter is regarded as the effect of ether- 
processes related to electromagnetic processes, i.e. as ether in a special form. To choose 
a rough simile, the behaviour of matter when moving relative to the ether is rather 
like that of a cloud resting on a mountain peak. The shape and position of the cloud 
may remain practically unchanged, even although there is a strong wind. 
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metres per second relative to the star-clusters. Even if the velocity of 
the earth relative to the ether happened to be zero at one moment, 
it must certainly alter in the course of a year, owing to the earth’s 
orbital motion round the sun. Thus an absolute velocity of at least 
30 kilometres per second is to be expected at the earth’s surface at 
some season of the year. 

Accordingly, electromagnetic experiments upon the earth’s surface 
may be expected to show the effects of this absolute motion, as dis¬ 
cussed in the preceding sections. We are led to the idea of an “ ether 
wind ” in the laboratory. If the direction of this wind is not parallel 
to the earth’s axis, it will vary as a result of the earth’s daily rotation; 
again, if it is not parallel to the axis of the earth’s orbit, it will vary 
as a result of the earth’s motion round the sun. At some time or 
other, therefore, we must expect it to have a demonstrable velocity. 
Here, of course, we are concerned with experiments in which both 
observer and apparatus are moving together, i.e. arc at rest relative 
to one another. Hence, according to the preceding discussions, only 
second-order effects (i.e. effects proportional to {vjcf) are to be antici¬ 
pated. It is not surprising, therefore, that negative results were 
obtained in many experiments carried out with the greatest care during 
the last century, in the hope of finding first-order effects. The only 
conclusive experiments are those which deal with effects of the second 
order: in particular the Michelson-Morley experiment and the 
Trouton-Noble experiment. 

The Michelson-Morley Experiment. —The principle of this experi¬ 
ment (Michelson experiment) has been given on p. 435. The procedure 
is to rotate the whole apparatus at various times of day and at various 
seasons of the year and to look for a displacement of the interference 
fringes. The displacement must be periodic as the apparatus is rotated, 
the period corresponding to rotation through 180®. The first experi¬ 
ments w^ere carried out in 1880-1 by A. A. Michelson in the Physics 
Institute of Berlin University and later in Potsdam. The expected 
displacement for an absolute velocity of 30 kilometres per second 
(orbital velocity of the earth) was 0*04 of the distance between suc¬ 
cessive fringes. The observed displacements (probably due for the 
most part to clastic and thermal disturbances) were only 0-004 to 
0-015. The experiments were repeated with very great care by Michel¬ 
son and Morley in Cleveland (July, 1887). The optical apparatus 
was moimted on a block of sandstone floating in mercury, so that the 
whole system could be rotated without serious vibration during the 
course of the observations (fig. 14). An optical path of 11 metres was 
obtained by repeated reflections to and fro across the block. The 
observed fringe displacements correspond to an ether wind of only 
8 kilometres per second. The investigations have been continued 
with improved apparatus by Morley and Miller (1902-6) and with 



THE PROBLEM OF ABSOLUTE MOTIOxN 


443 


extreme care by Miller (from 1921 onwards). Repetitions of the very 
difficult experiments have also been carried out by Tomaschek (1924), 
Kennedy (1926-8), Piccard and Stahel (1926-8), Illingworth 
(1928), Michelson, Pease, and Pearson (1929), using modified ex- 



Fig. 14.—The apparatus used in the Michelson-Morley experiment (1887) 


perimeutal arrangements. Measurements with a very refined apparatus 
have also been made by Joos (1930). Miller, whose investigations 
are the most extensive, comes to the conclusion that there is a demon¬ 
strable ether wind with a velocity of 10 to 11 kilometres per second, 
this being about one-twentieth of an “ absolute velocity ” of the earth 
(208 kilometres per second) directed towards a point situated in the 
Great Magellanic Cloud, about V from the pole of the ecliptic at right 
ascension 5 hours and declination — 70"^. The last investigation of 
MfCHKLSON (1929) gives 6 kilometres per second as the upper limit of 
the velocity of the ether wind. Consid(‘rably smaller effects are obtained 
by the other observers, the limit being about 1 to 2 kilometres per 
second. Tomaschek has shown that the experiment gives the same 
result when light from planets or fixed stars is used. 

Summing up the result of all the investigations, we may make the 
following statement: 

Experiments with the Michelson interferometer certainly do not shoiv 
the full “ absolute motion ” of the earth. Probably no “ absolute motion ” 
at all is demonstrable in this ivay. 

The Trouton-Noble Experiment. —This experiment, the principle of 
which has been explained on p. 439, was first carried out in 1904 by 
Trouton and Noble. It has been repeated a number of times by 
Tomaschek, using improved apparatus. Experiments of this kind 
can be made more sensitive than the Michelson-Morley experiment. 
The results (see fig. 15) indicate that, even at a height of 3500 metres 
above sea-level, there is no effect corresponding to an ether wind of 
more than | kilometre per second. 
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Electrical methods also fail to demonstrate any “ absolute motion ” 
.of the earth. 

2hm./sec. 


iTcm/sec, 

. - 0,3km/sec. 

0 2 i 6 8 10 12 n 16 18 2022 2i 
— hours. 

Fig . 15. —Results of the Trouton-Noble experiment performed at a 
height of 3500 metres above sea-level (after Tomaschek) 

Conclusion from Experiments on the Absolute Motion ” of the 
Earth. —Both the above decisive experiments show (at least to a first 
approximation) that there is no ether wind at the earth’s surface, i.e. 
that there is no demonstrable relative motion of the a])paratii8 and 
observer with respect to the ether. From this we may conclude that: 

The surface of the earth is at rest relative to the ether. It carries the 
surrounding ether along with it. 

Thus an observer in a terrestrial laboratory is at rest relative to 
the medium in which electric and magnetic processes take place. In 
all directions and at all times, therefore, the velocity of light is c relative 
to the earth’s surface. For the rotational motion of the earth see 
p. 446. 

Experiments concerning the Effect of the Earth’s Motion on the 
Force of Gravity. —It is conceivable that, although electromagnetic 
phenomena are not influenced by the motion of the earth, for the 
reasons given above, such an influence might be observable in the case 
of gravitation (see p. 445). Experiments on this matter have been 
carried out by Tomaschek and Schaefernicht, who determined the 
variation of the force of gravity with time. Their measurements were 
accurate to 10“® of the quantity measured. Fig. 16 is a reproduction 
(on a reduced scale) of a photographic record showing the diurnal 
variations, which can be completely explained as due to the influence 
of the moon and the sun. The efect of the absolute motion of the 
oarth upon the force of gravity, which would be apparent as a regular 
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periodic variation with a period equal to the unit of sidereal time, 
must certainly amount to less than 10“®. 



Fig. i6.—Variation of the force of gravity with time (photographic record, after 
Tomaschek and Schaffernicht) 


Thus the motion of the earth in space has no appreciable effect on 
gravity. 

The Carrying-along of the Ether by the Earth.—The conclusion 
that the earth carries the ether along with it (or, perhaps better ex¬ 
pressed, that near the earth’s surface electromagnetic phenomena take 
place relative to the earth) ap|)ears at first sight to be contradicted by 
the experiment of Lodge (p, 429), who was unable to detect any carry¬ 
ing-along of the ether in the neighbourhood of moving bodies, and 
also by the negative results of experiments designed to demonstrate 
the carrying-along of the ether in the interior of moving media. 

It was shown by Lenard, however, that the conclusion referred to 
can be brought into harmony with all the experimental facts. Indeed, 
the view appears a very satisfactory one in the light of our more 
recent knowledge of the structure of matter. We know that matter 
is principally, and probably exclusively, electromagnetic in character. 
The fields of force involved extend far out into space. These fields, 
and consequently matter itself, are processes in the ether associated 
with extraordinarily large concentrations of energy. It is therefore 
quite in harmony with our views on the nature of matter to assume 
that every body carries along its own ether in its neighbourhood, just 
as it carries along its own gravitational field which, as is suggested by 
the inertia of energy (p. 223), is probably bound up with its electro¬ 
magnetic fields. On the average, therefore, the state of the ether at 
any particular point in space is determined by the surrounding matter. 
To make things more precise, we may think of the effect of a given 
mass of matter as measured by the strength of its gravitational field. 
Near the earth’s surface, then, the prepoiiderant effect is that due to 
the whole mass of the earth. We are led to conclude that large cosmic 
bodies must carry along the ether within a considerable radius. As 
a result, electromagnetic processes in the neighbourhood of such a 
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large body must take place relative to it: the velocity of light, for 
instance, is c relative to the body. At greater distances in space the 
proper ethers of the individual bodies become mixed: possibly in such 
distant regions there is an “ ultimate ether *, i.e. an ether which fills 
space independently of matter. 

As was mentioned above, Lenard has shown that these views are 
in harmony with all the experimental facts. The negative results of 
the Michelson-Morley and Trouton-Norle experiments are self- 
evident, since in both cases the whole system is at rest relative to 
the ether. Nor does aberration, considered as a pure inertial ])heno- 
menon, present any difficulties. The explanation in terms of an ether 
which is carried along by the earth is the simplest and most natural 
one for the data so far accumulated, and must therefore be regarded! 
as the best explanation at present available. 

The positive result of the Michelson-Gale experiment (p. 435) 
proves that the ether does not share in the rotation of the earth. If the 
observations are correct (the experiment has not been repeated by 
other workers), there must be at the earth’s surfac<e an ether wind with 
a velocity of the order of several hundred metres per second (according 
to the geographical latitude). With the exception of this ex})criment. 
the measurements so far made are not sufficiently accurate; but with 
the means now available it should perhaps be possible to decide this 
point by means of a second-order experiment. Some of the first-order 
experiments which have been carried out have attained a sufficient 
accuracy, in particular the experiment designed to detect the mag¬ 
netic field of a condenser (the so-called Rontgen experiment). As 
carried out by Tomaschkk (at a height of 3500 metres above sea-level) 
this had a limit of error of 20 metres per second. According to what 
has been said above, however, the negative result of these first-order 
experiments is not conclusive. The negative result of the Rontgen 
experiment, together with the positive result of the Michelson-Gale 
experiment, may, however, be taken as experimental evidence sup¬ 
porting Lorentz’s deduction (p. 439) that first-order effeetts must 
be absent in electrostatic experiments. 

The conclusions of Miller (p. 443), that his repetitions of the 
]\Ikiielson-Morley experiment show a small effect due to a rela¬ 
tively large absolute velocity, can readily be brought into line with 
the views developed here. 

The So-called Lorentz Contraction.—The failure of experiments to 
detect an absolute motion of the earth has been explained above by 
assuming that the earth carries the ether along with it. This assump¬ 
tion (in a somewhat different form) was put forward very early: in 
the middle of the nineteenth century its chief supporter was Stokes. 
At that time, however, it led to difficulties and could not yield satis- 
♦ Ger. Urather: the name is due to Lenard. 
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factory results, because the ether was thought of as possessing too 
material a character, being supposed to have the properties of a gas, 
a liquid, or a solid, or even of all three simultaneously. It was a diffi- 
(uilt matter to represent the motion of the heavenly bodies through 
this medium in such a way as to account satisfactorily for the pheno¬ 
menon of aberration, which requires an irrotational motion of the 
medium. Nowadays these diiricailties have disapp 'ared in the light of 
our knowledge that the ether, as the medium of electromagnetic 
|)h(‘nomena, is subject to laws (describable in larger regions by Max¬ 
wells’ equations and in smaller regions by the quantum electro¬ 
dynamics which is at present in course of construction) quite different 
from those of the particular modification of the ether which we call 
matter. 

In the latter half of the nineteenth century, however, the diffi¬ 
culties involved in the idea of a carrying-aloiig of the ether (supposed 
to b(' material) appeared to be so great that preference was given 
to tlu' idea of an etlu^r at rest in space, i.e. of the existence of an ether 
wind at the earth’s surface. Even at this time numerous experiments 
had b(‘eri carried out with the object of demonstrating this ether wind, 
and had all given negative results. This was quite in harmony with 
th(^ current view; for Lorentz showed that the experiments (all of 
whi(‘h were of the first order) must be quite unaffected by an ether 
wind of the kind sought for, at least so far as first-order effects are 
concerned. Thus there was no evidence against fJie idea of the ether 
being at rest in s])ace, and this became generally accepted. Not until 
the unoxy)ected negative result of the Michelson-Morley’ experi- 
m(‘nt, whi(*-h was of the second order, did serious difficulties arise. 
Neverthek'ss, the current materialistic views about the ether were so 
firmly rooted that it was considered necessary to reject the solution 
which assumes that the ether is carried along by the earth. Although 
this assumption is now quite nfitural, the historical development of 
the subject is a most y^otent factor in current opinion. 

How is it possible for the Michelson-Morley" experiment to give 
a negative result in spite of an ether wind? An answer to this question 
was given by Fitzgerald * in 1891. Since there is no doubt that the 
distribution of the fields of force is affected (p. 228), the forces holding 
a body together may be altered by the motion of the body through 
the ether. Fitzgerald suggested that this alteration may be such 
as to cause a shortening of that arm of the Michelson apparatus which 
is parallel to the direction of motion, the extent of the shortening 
being exactly sufficient to counteract the extra time which the light 
would take in consequence of the ether wind (p. 437). In 1895 Lorentz 
worked out this idea systematically, and this shortening of all lengths 

* George Francis Fitzgerald (1851-1901), Professor of Natural Philosophy at 
Trinity College, Dublin. 
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as a result of motion is usually referred to as the Lorentz contraction. 

Every length I in the direction of motion is supposed to be 
shortened to {v^lc% Hence in the calculation of p. 436 the 

length of the arm GS^ must be equated to this expression, whereas the 
length 2s (which is approximately at right angles to the direction of 
motion) is altered by only a negligible amount. Hence we have 



The times taken by the light to travel to and fro along the two arms 
are thus equal, and no displacement of the interference fringes as 
compared with the case in which the apparatus is at rest is to be 
observed. (See p. 454.) 

Experimental Decision between the Two Alternative Theories. —It 

is possible in principle, to decide between the two alternative views 
(a) that the ether is carried along by the earth and (6) that the ether 
is everywhere in a state of absolute rest. The decision could be 
obtained by carrying out an experiment of the second order (e.g. the 
Michelson experiment) with a system moving relatively to the earth's 
surface. If the first view is correct, such an experiment must give a 
positive result; if the second view is correct, the result must be nega¬ 
tive. In the present state of our knowledge we cannot predict what 
the result will be, and the performance of the experiment is for the 
time being technically impossible. We may adopt the assumption that 
the ether is carried along by the earth, both because of its greater sim¬ 
plicity and also because the other alternative presents certain difii- 
culties which will be discussed below. 

The Relativity Principle. —It is unsatisfactory that (as has been 
shown by Laub) the assumption of a Lorentz contraction is not suffi¬ 
cient by itself to account for the negative result of the Trouton- 
Noble condenser experiment: it is necessary to make the additional 
assumption that the electrostatic forces are affected in a certain way 
by the motion. The idea of the earth carrying along the ether being 
thought untenable for the reasons mentioned on p. 447, this unsatis¬ 
factory state of affairs demanded a new kind of explanation. A solu¬ 
tion of the difficulty was given by Einstein * in his so-called relativity 

* Albert Einstein, a German-Swiss, bom in 1879 in Wurtemberg of Jewish parents. 
After holding a post as teacher of mathematics and physics at the Polytechnic School of 
Zurich, he became an examiner of patents in Berne from 1901 to 1909. During this time 
he took his Doctorate at the University of Zurich, and on the merit of his research was 
appointed extraordinary professor of theoretical physics there. In 1911 he went to 
Prague as professor of physics, but returned the next year to the Zurich Polytechnic. 
His work attracted so much attention that in 1913 he was made Director of the Kaiser- 
Wilhclm Institut at Berlin. Since 1933 he has been in the U.S.A. as professor of mathe¬ 
matics at the Institute for Advanced Study in Princeton. His well-known work upon 
the theory of relativity was commenced in 1906, the sO'called special theory of rela- 
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theory. He attempted to construct a consistent representation of the 
electrodynamics of moving media on the basis of two fundamental 
postulates: (1) The velocity of light as measured in a vacuum is always 
c, no matter what the state of motion of the observer. (2) The principle 
of relativity is a completely universal law of nature. Before discussing 
the second postulate, we must inquire briefly into the nature of the 
principle of relativity, which is of importance even in classical mechanics. 

Consider a ball which is thrown upwards by a person travelling in 
a railway carriage with uniform velocity along a straight track. As 
observed by the })erson in the carriage the motion of the ball is just the 
same as if the carriage were at rest. When the ball is thrown vertically 
upwards, it is observed to fall vertically downwards again. Although 
th(‘ track of the ball is a straight line, as viewed by the person in the 
carriage, as viewed by a person standing beside the railway line it is 
a pa.rabola. This latter observer could photograph the parabola and 
hemee determine the velocity of the train relative to the ground. On 
the other hand, the observer who is travelling in the train cannot 
])Ossibly deduce anything a,bout his own uniform rectilinear motion 
from the Ix^haviour of the ball. As a fact of exp.uience, there is no 
mechanical process at all by which he could detect this motion. 

But wlK'iK'ver tli(‘ train goes round a curve or has its velocity 
accelerated or retarded, the ball no longer falls vertically downwards. 
Non-uiiiform motion can thus be detectcnl by observations carried out 
within the moving system. Hence the relativity principle of mechanics 
only holds for uniform motion in a straight line: 

The uniform rectilinear motion of a system cannot he detected by 
means of aiiy mechanical process taki'ng place within the system. 

A mechanical process may be re})resented quantitatively with the 
help of a system of co-ordinates (so-called frame of reference) connected 
rigidly with the observer. The principle of relativity may then bo 
expressed in the following form: All the laws of mechanics are entirely 
unaffeded by a uniform rectilinear motion of the system of co-ordinates 
to which they are referred. 

Suppose that the person in the train throws the ball forward with 
the velocity (relative to himself) in the direction of motion of the 
train. As observed by the person standing beside the line, relative to 
whom the train is moving with the velocity v, the velocity of the ball 
is -f- w. This is an instance of the so-called composition of velocities, 
which has been discussed at length in Vol. I, p. 37. 


tivity being followed up in 1915 by the general theory and in 1929 by the unified field 
theory, the latter being an attempt to construct a mathematical formulation covering 
the laws of electromagnetism and of gravitation. He has also made important and 
fundamental contributions to many other departments of physics, including the 
theory of the Brownian movement, the photoelectric effect, and the variation of 
specific heat with temperature. Etnstetn is vddely acknowledged to be one t>f the 
most brilliant of living theoretical physicists, and received the Nobel Prize in 1921. 
(e 957) .^0 
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An example may be given to illustrate the applicability of the relativity 
principle in mechanics. Consider two elastic spheres of masses and mo\'ing 
with the velocities and respectively in the a:-direction of a certain frame of 
reference. Suppose that the spheres collide, and let the velocities after the col¬ 
lision be respectively and v,,. Then by the principle of the conservation of energy 
we have 

-f 

Now consider the process relative to a frame of reference which is moving with 
the velocity V relative to the first, and also in the direction of its a-axis. Acc’ord- 
ing to the principle of the composition of velocities, the veIociti(^s relative to this 
new frame of reference are respectively % — V, Vo ~~ ^V, and v,, — V. 
Noav the relativity principle states that the principle of the conservation of energy 
is still valid for moving frames of reference, so that we must have 

IrniiUi — V)2 -f- lyruiiu — V)^ = — V)^ 1- 'Jw2(??2 — V)^. 

Subtracting the equation previously obtained, we arrive at the relation 
WiUi H- m.,V2 — 

But this is the principle of the conservation of momentum. Thus from the prin¬ 
ciples of the conservation of energy and momentum in the first frame of reference 
it follow's that the principle of the conservation of energy must also hold for the 
second frame of reference, as is required by the relativity principle. 

Relativity of Electromagnetic Processes. —As has been pointed out 
on a number of previous occasions, electromagnetic effects are also 
determined solely by relative motion. 

VVe shall consider this in more detail in the particular case of W. Wien’s 
experiment (p. 438). Imagine a particle with an electric charge at rest relative 
to the ether, and let a magnetic held (e.g. that of a bar magnet) be moved past 
it (fig. 17). Owing to its motion through the ether, the magnet is surrounded 
by a rotational electric field in addition to its own magnetic field. The electric 
field in the neighbourhood of the charged particle is therefore modified by the 
motion of the magnet. In the particular cast^ of an atom, this modification can 
be detected by means of the Stark effect on the light emitted by the atom. The 
two electric fields—^that of the charged particle and that of the moving magnet— 
give rise to a mechanical interaction. The electric field of the magnet urges the 
charged particle up out of the plane of fig. 17. By the principle of action and 
reaction the magnet is subjected to a turning moment which tends to urge the 
N-pole down through the plane of fig. 17 and the S-pole up out of this plane. 
These forces acting upon the magnet mean that there must be a magnetic field 
superimposed upon that of the magnet itself. 

Now consider the same relative motion, but this time (fig. 18) let the magnet 
be at rest relative to the ether and let the charged particle be moved past it as 
shown. On account of its motion the electric charge is surrounded by a rotational 
magnetic field which tends to urge the N-pole of the magnet down through the 
plane of the figure and the S-pole up out of this plane. By the principle of action 
and reaction, the charged particle is acted on by a force urging it up out of the 
plane of the figure. This means that there must be an electric field superimposed 
on that of the charge itself. In the case of an atom this modification of the electric 
field can be detect^ by the Stark effect on the light emitted by the atom, and it 
is this effect that W. Wien measured in his experiment. 
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Wc see that the interaction between charged particle and magnet is the same 
in both cases. This interaction is determined solely by the relative motion. 



Fig. 17.—Interaction between a 
moving magnet and a charged par¬ 
ticle at rest. 


Fig. 18,—Interaction betw'een a 
moving charged particle and a 
magnet at rest. 


The above example concerns a special case in that in both fig. 17 
and fig. 18 one of the two systems (charged particle or magnet) was 
assumed to be at rest relative to the ether. We have now to inquire 
what difierence is introduced when both systems have an additional 
common velocity relative to the ether, as when the whole experiment 
is carried out in a moving railway carriage. Let us suppose, for instance, 
that the whole of fig. 17 or 18 is moving through the ether towards 
the right. Then in consequence of this motion the magnet becomes 
surrounded by an additional rotational electric field in the sense oppo¬ 
site to that shown in fig. 17, while the charged particle becomes sur¬ 
rounded by an additional rotational magnetic field in the same sense as 
that shown in fig. 18. The full discussion shows that these two effects 
exactly cancel out, so that we are left with the same interaction as 
before. This is only true, however, provided we confine our attention 
to quantities of the first order. It was shown by Lorentz (compare 
p. 439) that second-order effects are to be anticipated, on account of 
the finite velocity of propagation of the alterations of the electro¬ 
magnetic forces. 

Thus the relativity prindple- is valid for electromagnetic processes, 
so far as effects of the first order are concerned. 

We have already seen (p. 431) that this includes optical processes. 

But the negative results of the Michelson-Morley and Trouton- 
Noble experiments indicate that the motion of the earth produces 
no effect, even of the second order. It was this which led Einstein 
to his generalized postulate that the relativity principle is valid for all 
physical processes. 
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Hypothetical Character of the Relativity Principle. —This generaliza¬ 
tion of the relativity principle by Einstein is purely hypothetical in 
character. It involves the assumption that the Michelson experiment 
would give a negative result if performed with an apparatus in uniform 
rectilinear motion, e.g. in a laboratory moving rcdativc to the earth’s 
surface. An experiment of this kind has never b(‘en performed and the 
result is at present quite an open question. There is not even any 
indirect evideuice for a negative result such ns is required by the rela¬ 
tivity theory. Nor has any other exp(u*iment so far been devised 
which can allow of a decision between the two alternative views, 
(a) that the ether is carried along by the earth and (6) that the rela¬ 
tivity principle is of general validity. 

4. The Lorentz Transformation, and Einstein’s Theory of 
Relativity 

A short account may be given here of the inf.(a’j)retation which 
Einstein gave of the result of the Michel son-Morley ex])erinient, and 
which forms the foundation of his “ special theory ” of relativity. 

We know that if a frame of reference in which the space and time 
co-ordinates of an event are y\ z\ i! is moving with constant velo(*ity 
V in the direction of the axis of x relative to another frame in wliich 
the co-ordinates of the same event are cr, y, 2 , t, then the equations 
connecting the two sets of co-ordinates may bo takcai, in Newtonian 
mechanics, to be 

x' = a; — r/, xf ~ y,z' = z, t' — t. 

Now suppose that a wave of light, at the moment when the two origins 
coincide (i.e. when all the co-ordinates are zero), starts from the com¬ 
mon origin. Then the co-ordinates of a point (;r, y, z) in the wav(' front 
at time t satisfy the equation 

j;2 _|_ ^2 2;2 — 

for this is the equation of a sphere of radius ct with centre at 0 the 
origin. In terms of x\ y\ z', this equation becomes 

{x' + vtf' -f- y'2 -|- 2;'2 — 

This is not the equation of a sphere with centre at x' =0, y' = 0, 
z' — 0. Einstein says that it ought to be so, i.e. that we ought to have 

aj'2 _j_ y'2 _|_ 2:'2 ™ c2^'2^ 

since the Michelson-Morley experiment shows that the velocity of light 
is the same in all directions, to the second observer as well as to the 
first. 

There is a set of equations, however, which will secure this result, 
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when they are taken as the equations transforming from the one set 
of axes to the other. These equations had been used a great deal by 
Lorentz and Larmor in their researches in electromagnetism, and 
hence are known as the Larmor-Lorcntz transformation, or simply 
the Lorentz transformation. The equations are 


vt 


V(1 - r^l(^ 


y 


t — vxjc^ 


It can be verified in a moment that they do actually give 

^.'2 .'2 _ ^. 2^/2 ;^.2 _j_ y 2 .2 _ ^ 2^2 


An important i)oint is that the equations still remain true if the 
acc^ented and non-accented hitters are interchang(nl, provided at 
the same time v is repIa(H‘d by {—v). Further, if (X, Y, Z, T) and 
(X\ Y', Z', T') are the co-ordinates of a se(‘ond event in the respective 
syst(‘ms, and if we write 8x for X — x, 8t for T — ^ and so on, we 
get at once by writing down the equations for the s(*cond event, 
and subtracting the original eejuations from tluun. 


Sx' 


_ 8 ;r 



Sy,8z' -: 8 :, 


St/ - 


St -~ vSxl(f 

V(i - 


Hence, in the same way as with the co-ordinates themselves, we have 

8/2 _|_ 8 y '2 ^.'2 _ ^,2 8^'2 8 / + 8^2 _ ^2 8 ^ 2 , 

In ordinary Newtonian mechanics, in which 8 // ~ St, this becomes 
Sx '2 Sy'^ + Sz'^ = Sx^ + Sy^ + Sz^, 

which simply states that the distance between the two events has the 
same value in the two systems. The similarity b(jtween these two last 
equations led Minkowski to regard \/( 8 a:^-f- 8^2 _p 8:^2 _ ^ 23 ^ 2 j ^ 
sort of distance, usually called the interval, between the two events in 
the four-dimensional continuum made up of space and time, and 
generally called space-time. The interval between two events, like the 
distance between two points in ordinary geometry, has therefore an 
absolute significance, since the expression for it has the same form in 
all co-ordinate frames in uniform motion relative to each other. 

The outstanding feature of Einstein’s interpretation of the Lorentz 
transformation is that it denies the existence of one absolute time, the 
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same for all observers. Two observers in relative motion make different 
estimates, not only of the place, but also of the time, at which an 
event occurs. 

The explanation of the Lorentz-Fitzgerald contraction (p. 447), 
on Einstein’s theory, is this. Let the observer A, whose co-ordinates 
are x, y, z, t, observe two points at the same moment by his clock (so 
that ht = 0), and let him estimate the distance between them as hx. 
The equation 

5 ,_ hx — vbt 

then gives 

^ __ SiP_ 

or 

Sj: = y'(l — v^lc^)8x\ 

Now 8x' is the distance, or length, as estimated by the second observer 
B. Hence A’s estimate of the length is shorter than B’s in thi' ratio 
\/(l v^/c^): 1. This is the Lorentz contraction. 

Similarly, let A estimate the interval of time between two events 
to be 8^, and let these events in his view be at the same place, so that 
8x = 0. Then the equation for St' gives 

St' = 

VT— v2/c2 

Thus B considers the interval of time to be longer than A’s estimate 
in the ratio 1 : \/(l — v^/c^). 

Another striking feature of Einstein’s theory is its treatment of 
relative velocity. In ordinary kinematics, if A estimates the velocity 
of a moving point along the axis of x as V, then B will estimate it as 
V — v; that is to say, we have 

8a;' Sx 

W “ " 8 / “ 

In Einstein’s theory, however, we have, by the equations for Sx' 
and St' written down above 

Sx 

Sx' _ 

st''~ sxi; 

which is not the same as before, unless c is infinitely great. 

According to Einstein, this equation explains the real origin of 
Fresnel’s “ coefficient of drag ” (p. 427). Thus, if the velocity of light 
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in a body to which the observer A is attached is c' = c/n, where n is 
the index of refraction of the body, and if the co-ordinates refer to the 
front of a light wave, then hxjU = cjn. Hence 

hx' _ c/n — V 
Si' ~ 1 — vine 

— (c/n — 'y)(l 4- 

approximately, if v/c is small; that is, 

hx' __ c V 

Si' n ^ 

omitting the t(Tm in v^\ or 

hxf ^ c / 1 

S/' “ w ~ “ h2 

Since the body is moving with velocity (—-y) relative to B, this is ])re- 
cisely Fresners result for the velocity of light in the body, as estimated 
by B. 

The “ special ” theory of relativity refers to empty space, the 
effects of gravitation or other disturbing influences being neglected. 
Einstein afterwards developed a general ’’ theory, in which these 
influences are taken into account. As in the simple limiting case with 
which we have been dealing, there is still supposed to be an absolute 
“ interval ’’ between two events. The expression for the interval, how¬ 
ever, has a much more general form than \/(8x^-\- 8z^— 

though it is still a quadratic function of the differentials of the co¬ 
ordinates. The nature of this function, as also the paths, in space-time, 
of matc^rial bodies, and of light, are determined by conditions speci¬ 
fied by Einstein. These conditions are of invariant form; that is to 
say, all observers, no matter what co-ordinates in space-time they 
may happen to have selected, will derive the same physical results 
from the conditions specified. 

The law of gravitation so derived is, in simple cases, very nearly 
the same as Newton’s law. In fact, Einstein was able to explain by 
his theory some phenomena which could not be explained by the 
ordinary Newtonian dynamics. 

There is still a good deal of discussion about the exact status of 
the theory, but the great majority of physicists seem to be agreed in 
accepting both the special and the general theory in principle, and in 
using them as the basis of much of their theoretical work. 



CHAPTER IX 


Matter and Energy in the Universe 

1. The Stars and the Universe 

The Stellar State of Matter.—Next to ilie eartli, tlio most important 
heavenly body for us is tho sun (fig. 1). This sph(*re of matter, which 
has a mass of 1*94 X 10*^^ grn. and a surface temperature of about 
fiOOG*^ C., hangs in space at a mean distance of 149,500,000 kilometres 
from us. All life on the earth dejiends for its continuance on tla^ stream 
of energy sent out by the sun. The total rate of radiation from the sun 
amounts to 9*1 X 10-^ cal. per second or 3*8 X 10’*'^ ergs })er si'cond. 
According to the relationshij) E— this is equivalent to a mass 
of 4-22 X 10^“ gm. per second or 133 X l(fi“ tons jier year. We now 
know from the most varied geological evidence that this rate of radia¬ 
tion has been constant for hundreds of millions of years. In a body 
like the sun, therefore, we encounter matter in a steady state quite 
different from that of the ordinary bodies which wo investigate in 
terrestrial laboratories. 

The question of the source of this enonrious stream of energy has always 
been a subject of human speculation, but more especially since the recognition 
of the principle of the conservation of energy. The kinetics energy of cosmic 
material bodies falling into the sun is quite insufficient; for the terminal vi'locity 
of a body falling freely towards the sun is only about 000 kilometres ])er second 
at the sun’s surface, so that meteorites with a total mass of about one-hundredth 
of that of the earth would have to fall into the sun every year in order to account 
for the observed emission of energy. According to Kepler’s laws (Vol. I, j). 171), 
however, this would have resulted in a shortening of our year by about 42 days 
during the last 2000 years, which is not in agreement with observation. Nor can 
the emission of energy be explained as due to a condensation of the sun’s material, 
i.e. a transformation of its potential energy in consequence of a shrinkage of its 
volume. Helmholtz calculated that this explanation would mean that the whole 
history of the sun’s development up to its present state must have taken only 
50 million years. In the light of our present knowledge this is certainly much 
too short a time for the evolution of the solar system. The energy of chemical 
processes of the kind known on earth is likewise insufficient. If the sun were com¬ 
posed entirely of pure carbon and oxygen, its combustion would only suffice to 
maintain the observed rate of emission for a few thousands of years. 

It is probable, therefore, that the much more energetic nuclear atomic pro¬ 
cesses (p. 231), similar to the many cases of atomic transmutation which are now 
known, may be involved; though it appears that even this source of energy, 
which amounts to about one-thousandth of the masses involved, is insufficient. 
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This leads to the assumption that processes occur in which material mass is still 
more completely converted into radiation. According to the relation E — me*, 
the rate of radiation from the snn is equivalent to a mass of 1-33 X 10**^ gm. per 
year, so that (if we assume a constant rate of radiation) its total mass would last 
for 1*5 X 10^® years. The age of the sun is estimated to be about 10^® years, so 



Fig. I. —The sun, showing sun-spots and faculse (bright areas). From a photograph taken at 
Mount Wilson (Observatory 

[From Graff, Grundriss der Astrophysik (B. G. Tcubner, Leipzig).] 

that so far it has radiated away only about one-thousandth of its original mass. 
Such complete transformations of mass into radiation are not known in our 
laboratories so fur, and wo must thcTcfore woit for furthcT knowledge. It is by 
no means inccmceivable, for instance, that the energy radiated from stars is 
derived from some external supply hitherto unknown to us, rather than from 
the annihilation of the actual stellar material. 

The Fixed Stars.—As was suspected by Giordano Bruno,* our sun 

* Giordano Bruno {circa 1548-1600), an Italian philosopher. Forced to leave Italy 
on account of his religious views, he travelled throughout Europe, visiting England 
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is only one of an enormous number of similar heavenly bodies, the 
stars. Some of the most important modern evidence for this is derived 
from the spectra, of the stars (fig. 2), many of which are very accurately 
known. By methods which cannot be discussed here it has been found 
possible to determine the distances, surface temperatures, sizes, and 

masses of many stars. One very 
important result that emerges is that 
the masses of the stars which we can 
observe by the light they emit are of the 
ord£r of magnitude of 10®^ to 10^ gyn. 
This is only a rough mean value, but 
departures from it by a factor of 
more than 100 are very rare. Why 
is it, then, that a mass of this par¬ 
ticular magnitude corresponds to a 
stable, luminous system? 

The most probable picture of a 
star according to our present-day 
knowledge is as follows. Matter 
(K)ndenses into a ball, and this gives 
rise to a high temperature. Ev(ni the 
transformation of potential energy 
would lead to this result; though, as 
we ])ointed out above, this libera¬ 
tion of energy is by no means suffi¬ 
cient to account for the observed 
facts, and it is necessary to assume 
much more energetic intra-atomic 
processes taking place at the high 
temperatures and pressures of the 
interior of the shrinking ball of gas. 
The system so formed, which may 
have an internal temperature of 
several million degrees, cannot hold 
together indefinitely, because the 
rising temperature brings into action 
forces which tend to drive the matter 
outwards and cause it to disperse. 
These are the forces of radiation pressure. 

Using data either following from or consistent with modern obser¬ 
vations, Eddington * has calculated the way in which the temperature 









a 
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1583-5. On his return to his native land he was captured by the Inquisition, and after 
seven years* imprisonment was burnt at the stake. 

* Sir Aethue Eddikoton, born 1882; Professor of Astronomy and Director of the 
Observatory at Cambridge; knighted in 1930. 
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and pressure in the interior of such a shrinking ball of gas must depend 
on the total mass. He arrives at the striking result that for a mass of 
the order of magnitude of 10^ gm. the internal temperature will be 
such that the radiation pressure will just balance the material pressure 
(i.e. gravitation minus gas pressure). Stars of larger mass than this 
would be ‘‘ blown up as a result of radiation pressure. (The radiation 
pressure, being proportional to the energy-density, increases with the 
fourth power of the temperature (p. 145)). This result applies, inde- 



Fig. 3.—The Milky Way in Cephcus and Cygnus (after M. WolO 
From Graff, Grundriss der Astrophysik (B. G. Teubner, Leipzig).] 


pendently of density and composition, for a molecular weight of 
approximately 4, such as may be assumed from the present evidence. 

Thus ‘ we can understand the existence of the stars, regarding them 
as assemblages of matter whose form, as far as we can say at present, 
is maintained by the equilibrium of radiation pressure and gravi¬ 
tational forces, in somewhat the same way as the shape of a drop of 
mercury lying on the laboratory table is maintained by the equilibrium 
of surface tension and gravitational forces. In any case, in view of the 
enormous number of the stars (fig. 3) and the relatively small size and 
probably also relatively small number of the planets resembling the 
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«artli, the modification of matter with which we are ordinarily con¬ 
cerned in terrestrial experiments is probably to be regarded as an 
exception of extremely rare occnrrence in the universe. 

Other Modifications of Matter. - Matter can exist in the universe 
in yet other forms. Enormous regions of space are filled with gases, 
some of which are excited to luminosity by electrical infl.uences (fig. 4). 



Fig. 4.—Luminous and dark nebulae to the south of f-Orionis (after M. Wolf) 
[From Graff, Grundriss der Astrophysik (B. G. Teubner, Leipzig).] 


Clouds of dust, some illuminated by neighbouring stars, others dark, 
are also found in the universe. In addition, it is probable that the whole 
of space, at least in the neighbourhood of our galactic system, is filled 
with very rarefied gas (about 1 atom per cubic centimetre: possibly 
€a and Na). 

Higher Cosmic Systems. —In recent times various methods have 
been worked out whereby the distances of stars situated extremely far 
away can be determined. These methods furnish some idea of the dis¬ 
tribution of stars in space. It is found that the stars are grouped in 
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assemblages, so-called globular star clusters (fig. 5) or spiral nebulae 
(figs. 6 and 7). Thus our sun, together with the stars which we see as 
the Milky Way, belong to a larger system comprising about 3 X 10^ 
suns. This system, which may have a form resembling that of a spiral 
nebula, has a maximum extent of about 30,000 light-years.* The 
globular clusters appear to be assemblages containing some 10® suns 
within a volume of some hundred light-years diameter. These clusters 
a})])oar in their turn to form a system co-ordinated with the Milky Way 
and situated at a divStance of about 20,000 light-years from it. The 
spiral nebulae are separated by spaces which are large in comparison 



Fig. s.—Globular cluster M 12 in Ophiuchus 
[From Graff, Grundriss der Astrophysik (B, G. Teubner, Leipzig).] 

with the extent of the systems. One of the nearest of them is the 
nebula in Andromeda, which is just visible to the unaided eye. Its 
distance from us is about a million light-years, and its diameter in the 
direction of its major axis is about 50,000 light-years, i.e. about the 
same as that of the Milky Way system (galactic system) to which we 
and our sun belong. 

Up to the present, systems of these kinds have been observed with 
some certainty up to distances of several hundred million light-years. 
Our knowledge, how'ever, is as yet insufficient to enable us to under¬ 
stand why matter should arrange itself to form globular star clusters 
or nebula'. 

* It is customary to measure astronomical distances in light-years. One light-year 
is the distance travelled by light in one year, i.e. 9-5 x 10^® cm. or 6 x (six million 
million) miles. 
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Super-galactic Systems. —It appears that spiral nebulae are in turn 
grouped into systems separated by distances which are great in com¬ 
parison with the size of the individual systems. Among others, mention 
may be made of such a grouping of about 100 nebulae in the neigh¬ 
bourhood of the Pole Star. These nebulae, which are at enormous 



Fig. 6.—Spiral nebula M loi in Ursa M^or (after M. Wolf) 
[From Graff, Grundriss der Astrophysik (B. G. Teubner, Leipzig).] 


distances from us (of the order of 10® light-years), are all confined to 
an area of the heavens equal to one-twelfth of that of the full moon. 

One of the most remarkable observations is that the lines in the 
spectra of these nebulae exhibit very marked and regular displacements 
towards the red. The displacements are such that the frequencies of 
all the lines are diminished in the same ratio. Also, the greater the 
distance of a nebula from us, the greater is the diminution of frequency 
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(fig. 8). We are still ignorant of the cause of this phenomenon—^whether 
at these tremendous distances the velocity of light has different values 



Fijj. 7. — Spiral nebula (galactic system) as seen from the side. Photograph of the 
system NGC311S in Sextans, taken at the Mount Wilson Observatory 

[From Graff, Grundriss der Astrophysik (B. CJ. Teubner, Leipzig).] 

or whether the light is modified in the course of its journey lasting 
hundreds of millions of years. The displacements can be interpreted 
as a Doppler effect, in which case we are led to the conclusion that the 



Fig. 8 .—Relation between the frequency shift of the light from spiral nebula* and their 
distance. The frequency shifts are plotted as velocities, i.e. those velocities which would give 
rise to an equivalent Doppler effect. 


nebulse must be receding rapidly from us (a so-called expansion of the 
universe—cf. fig. 8). In the present state of our knowledge, however, 
it is quite impossible to estimate the probability of this interpretation 
being the correct one. 
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Velocity of light 
Fundamental electric constant 


Table of Physical Constants 

.. c = (2-99796 ± 0-00004) X 10'« cm. sec.-». 

K„ = 0-886 X 10-“ ' 


Fundamental magnetic constant 
Electronic charge 

Electronic mass 

Specific electronic chargv' . . 


Planck’s constant .. 

Mass of the proton 

Ratio of mass of electron to mass of 
proton .. 

JVIass of the hydrogen atom 
Mass of the a-partici? 

Avogadro’s number 
Gas constant 

Boltzmann’s constant 
Rydberg constant 




Radiation constan! .. 

Stefan’s constant 

Fine-structure constant 

Doublet constant 
Bohr magneton 

Zeeman splitting 

Radius of first circular orbit of the 
hydrogen atom 


volt/cm. 

: 1-267 X 10-8 volt 8ec./cm.° 
amp.-tiirns/crn. 

e— (1*5911 zL 0 0010) x 10~^® abs. coulomb. 

= (4*770 i 0*005) X 10’ ^® abs. electro¬ 
static units. 

Wo = (9*035 J, 0*01) X 10-28 gm. 

c/wy — (1*761 0*001) X 10® coulomb gm.-^ 

= (5*279 :f: 0*003) X 10'^ abs. electro¬ 
static units grn.-^. 

h (6*547 ± 0*008) X lO"®? erg sec. 
hl(2n) == (1*0420 ± 0*0013) X 10-27 erg sec. 
= (1.6609 =b 0*0017) X 10-24gm. 

Wf^lmp = 1/1839. 

Wh = (1*6618 rl: 0*0017) X 10-24 
= (6*598 ± 0*007) X 10-2* gm. 

N = (0*6064 ± 0*0006) X K/* mul'*. 

Ry =- (8*3136 -t 0*001) X 107 ergs degr(>(‘-* 
mi)l~*. 

^ = (1*3709 i 0*0014) X 10-‘« erg degree-*. 
Rh = 109677*759 di 0*05 cm."*. 

R,, = 109722*403 ± 0*05 cm.“*. 

R^^c = (3*28988 ± 0*00004) x 10*^ sec.-*. 

Cg = 1 *432 ± 0*003 cm. degree. 

a = (5*735 ± 0*011) x lO-^ erg cm. 2 
degrec-4 sec.”*. 

a = (7*284 ± 0*006) X 10-®. 


27re2 
hc~ 

1/a = 137*29 ±0*11. 

R^ a2 = 5*822 ± 0*009 cm.-*. 

{Xb = (0*920 ± 0*002) X 10-2® gauss-*. 

== == (4*674 ± 0*003) X 10-5 cm.-* 

^ gauss-*. 

ao = (0*6285 ± 0*004). 10-® cm. 
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Aberration, 425 et seq. 

Absolute motion, 423, 441. 

Absorption, by atom, 176-81. 

— coefficient of, 140. 

— continuous, 391-4. 

— edge, 135. 136, 293, 294, 297, 298. 
-X-ray, 75 * 

— spectra, 289. 

— spectrum of Ig, 392. 

-X-ray, 78, 292. 

Abundance, relative, of elements, 106. 
Actinium series, 18, 25. 

Adams, 132. 

Airy’s experiment, 430, 

Alkali-like atoms, 313. 

— systems, 308. 

Alkali metals, 94. 

— series, 280. 

Alkaline earth, term diagram, 283. 

Alpha particles, collisions, 83-91. 

-counting of, 19. 

-from radium, 29. 

-in nucleus, 105. 

— rays, 14-19. 

-absorption of, 78 -81. 

-groups of, 359. 

-ionixation by, 81. 

-range of, 78, 79, 80. 

-scattering of, 81-91. 

Alternation law, Rydberg’s, 299. 
Aluminium, 339. 

— term diagram, 288. 

Anderson, 114, 115. 

Andrade, 72. 

Angular momentum, as vector, 203. 

-quantized, 187, 190, 197, 202, 259 

312. 

Anharmonic vibrations, 395, 

Anisotropic bodies, 403. 

Anisotropy, optical, 398. 

Antiparallel, 208, 209. 

Anti-Stokes lines, 158. 

Aston, 3, 96, 99-101, 104. 

Atom, and energy, 176. 

— Rutherford-Bohr model of, 176, 186. 

— stability of, 186. 

Atomic compounds, 383. 

— diameter, 7. 

— distances, 422. 

— number, 5, 61, 75-8, 87, 92, 298. 

-and magnetism, 346. 

-and terms, 297, 298, 305. 

— — effective, 295. 

— structure (summary), 91-4. 

— volume, 300. 

(e 957) 


Atomic weights and numbers, 93. 

Atoms (2), potential energy of, 389, 

Auger, 90, 135- 
Avogadro constant, 29, 151. 

Axial effect, 242. 

Azimuthal quantum number, 197, 

Back, 319, 350. 

Back-wall cell, 133. 

Balmer, 182. 

— formula, 185, 192. 

— series, 182, 193, 194, 200, 291, 350 
Band heads (fig. 20), 392. 

— origin, 375/376, 377. 

— spectra, 361 et seq., 396, 398, 

-intensity of, 375. 

Bands, and the molecule, 362. 
--cyanogen, 370, 371, 377. 

— degraded, 374. 

— double, 366. 

— head of, 361, 37^. 

— rotational ^tructure of, 372. 

— rotation, of I IC'l, 364. 

— rotation-vibration, of MCI, 366-8. 

— theory of, 367. 

— vibrational structure of, 376. 

Barkla, 56, 57. 

Barr>»*tt, 317. 

Earner, potential, 357, 358. 

Becker, A., 41, 81, iii, 360. 

Bccquerel, H., 9, 12. 

Bemont, 11. 

Bery'llium terms, 335. 

Bestclmeyer, 226. 

Bela rays, 14, 15, 18-22. 

-changes, nuclear, 360. 

-disintegration, 30. 

-primary and secondary^ 20. 

-swiftest, 21. 

Bieler, 87, 88. 

Biltz, 108. 

Bioluminescence, 167. 

Biquard, 421. 

Birge, 394. 

Black body, 140. 

-radiation, 144, 147, 149. 

-realization of, 145. 

-temperature, 152. 

Blackett, no, 115, 116. 

Blocking-layer, 131. 

Blue sky, 380. 

Bohr, N., 94, 175, 183, 187, 195, 257, 271, 
204, 323. 345. 

— and hafnium, 343. 

— and shell structure, 334. 
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Bohr atom, 186, 257, 259, 265-72, 273, 294, 
306, 307, 308, 312, 316, 324, 339- 

-and spin, 314, 327. 

-^difficulties of, 210, 211, 306, 307. 

— circle, first, 201. 

— circular orbit, 268, 270, 271. 

— hydrogen atom, 190, 

— magneton, 208. 

— model, difficulties of, 275. 

— postulates, 176, 192, 270, 272. 

— theory, difficulties of, 274. 

Boltzmann, 145, 150, 375. 

— constant, 151. 

Boltzmann-Maxwell distribution, 150. 
Bombardment, by a-particlcs, 109, iii, 113. 

— by electrons, 137. 

— by protons, 110. 

Bonhoeffer, 167. 

Born, 409, 410. 

— interpretation of 275. 

Boron, 338. 

Bothe, 36, 55, 11 r, 237, 360* 

Brackett series, 183. 

Bradley, J., 425. 

Bragg, Sir William H., 68. 

Bragg, W. L., 68. 

— hiethod (X-rays), 247. 253. 

— relation (X-rays), 68-73, 256. 

— theory of reflection, 420. 

Brightness, surface, tal3le of, 154. 

Brillouin, 421. 

Broadening of lines, 221, 222. 

Broensted, 96. 

Bruno, 457. 

Bucherer, 226, 

Buhl, 254. 

Caesium, term diagram, 281, 

Calcium, 340. 

Canal rays, 96. 

Carbon, tetravalence of, 391. 

— dioxide, and plants, 170. 

Carriers, fonnation of, 54. 

Catalysts, 390. 

Cathode rays, absorption of, 33, 41-6. 

-and matter, 33, 39. 

-range of, 41. 

-scattering of, 34, 40. 

-secondary, 36. 

Chadwick, 87, 88, 92, 106, 108, iii, 112. 
Chain reactions, 168. 

Characteristic radiation, 135. 
Chemiluminescence, 166, 167. 

Clark, 297. 

Classical theory, atom on, 186, 192, 195. 
Cloud-track photographs, 36-9. 

Cockcroft, no. 

Coherent light, 215, 216, 217. 

Cohesion, 402. 

Collisional damping, 221. 

Collisions, and energy transfer, 159, 160. 

— and light emission, 137. 

— photographs, 90, 91. 

Colour temperature, 152. 

Combination principle, 183. 

— rules, 294. 

Conmton, A. H., 60, 61, 70, 185. 

— effect, 60, 61, 233-8, 354, 381. 

— wave-length (0-024 A.), 234. 
Conductivity, due to X-rays, 55. 

Copper, 341, 


Core, 306. 

Correspondence principle, 195, 196, 215, 

^ 323. 

Cosmic rays, 36, 114. 

Coupling, 328. 

— spin and orbital, 325, 326, 327. 

Covalent compounds, 383, 387. 

— linkages, 389. 

Critical potentials, 52. 

Crookes, Sir W., 15. 

Cross-section, effective, 46. 

— gas-kinetic, 42, 44, 46. 

Crystals, 403 et seq. 

— and temperature, 407, 

— as gratings, 63 et seq. 

— dielectric strength of, 411. , 

— electromagnetic vibrations in, 415-8, 

— real, 411. 

— single, 403, 4n. 

— structure, 404. 

Curie, P. and M., 10, n. 

Curie-Joliot, iii, 113. 

Current, dark, 131. 

— secondary, 131. 

Cyclic process (NaCl), 410. 

Davis, 51. 

Davisson, 244, 252. 

Day, 132. 

De'Broglie, 244, 245, 246. 

-equation, 246, 247, 253, 254, 256, 257, 

259, 261, 272. 

Debye, P., 72, 204, 247, 248, 251, 414, 421, 
422. 

— on specific heat, 414, 415. 

Decay constant, 23, 24, 28. 

Dee, 38, 112, 113. 

Deflection of light at sun^s edge, 232. 
Deformation of ions, 386. 

Degeneracy, removal of, 199, 201, 
Degenerate system, 199. 

De Haas, 317. 

Density, charge, calculated, 303. 

Deslandrcs, 376, 377. 

Deuterium, 96. 

Deutschbein, 164. 

Dewar, 29. 

Diamagnetic atoms, 349. 

Diameters, atomic, 92. 

Diamond, stnicture of, 405. 

Dielectric strength of crystals, 411. 
Diffraction, atomic, 422. 

— by crystals, 404. 

— electron, and magnet, 249. 

-by gases, 251. 

— of atomic rays, 256. 

— of cathode rays, 247 et seq, 

— of electrons, 244. 

— of protons, 257. 

— of X-rays, 63 et seq. 

Diplogen, 96. 

Dipole moments, 397, 401, 402, 418. 
Dipoles, associated, 402. 

Dirac, 201, 274. 

Displacement law, 26, 93, 289. 

Dissociation, 391-5. 

Dobrowavoff, 239 . 

Donat, 161. 

Doppler effect, 155, 159, 162, 219-21, 223, 
233, 240-2, 351, 420, 421, 424, 42s, 
427, 428, 463. 
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Dom, E. F., 12 . 

Douane, 53. 

Double star, 424, 426. 

Doublets, 277-81, 289, 328, 329. 

— notation for, 321. 

— screening, 298. 

— spin, 298. 

Doubling (isotopes), 369. 

Dulong and Petit, 412, 421. 

Dumb-bell molecule, 376. 

Dymond, 255, 256. 

Dynamid, 44, in. 

Earth, age of, 32. 

— crust, elements in, 107. 

Eddington, 458. 

Edge, K, L, M, 60, 61, 75. 

Edlen, 193. 

Ehrcnhaft, 239. 

Eichenwald, 438. 

Eigen-function, 262. 

Eigen-value, 262. 

Kinsporn, 52, 139. 

Einstein, A., 122, 317, 448-55. 

— equation ^ hv — />), i2r, 122, 176. 

— theory of relativity, 448-55. 

Electric field, and atom, 211-4. 
Electrodynamics of moving media, 423. 
Electrolysis, second law of, i, 2. 
Electrolytes, 404. 

Electron, 2, 3, 19. 

— absorption of, 33, 41-6. 

— and shells, table of, 336-8. 

— bombardment of, 137-9, 

— cloud, radius of, 307. 

— collisions, 48, 52, 

— diffraction of, 244. 

— cxtr^-nuclear, 91. 

— microscope, 256. 

— oufer, 306. 

— passage of, through atoms, 35. 

— positive, 114-6. 

— radius of, 44 . 

— recoil, 55, 137. 

— reflection of, 252. 

— represented by wave, 257. 

— scattering, 62. 

— secondary, 46, 

— track photographs, 36-9. 

— valency, 306, 307, 

— volt, 178. 

— wave properties of, 243 t1 seq. 
Electronegative elements, 300. 
Electropositive elements, 300. 

Electrovalent compounds, 383, 

Elements, electronic structure of, 336-8. 

— similarities between, 344. 

Ellet, 256. 

Elliptic orbits, 197 et seq. 

Elster, 15, 30, n8. 

£/w, detennination of, 225-7. 

Emanation, 12, 18. 

Emission, by atom, 178, 180, 

— of light, 215, 216, 217. 

Energy and mass, 223 et seq. 

— and the atom, 176. 

— conserved in collisions, 88. 

-frequency relation, 59, 176. 

— in elliptic orbit, 198. 

— kinetic, mass of, 227. 

— mass, and weight, 232. 

(eW) 


Energy, methods of expressing, 178, 179. 

— of electron, and of radiation, 230. 

— permitted, 266, 267, 270. 

— quantized, 188, 190. 

— transformations (electron), 46 et seq. 
Eosin, 164, 165. 

Equipartition of energy, 149, 

Ericson, 193. 

Estermann, 256. 

Ether, 441, 445. 

— drag, 427 et seq. 

— wind, 444. 

Euler, 246. 

Exchange energy, 3 88. 

Exchanges, theoiy of, 141, 

Excitation, 276. 

— and temperature, 290, 

— function, 139. 

— of X-rays, 291. 

— potentials, 52. 

— successive, 157. 

Excited state, 157. 

-duration of, 165. 

-reaction in, 390. 

Exclusion principle, 330 et seq., 352. 

-(molecules), 378, 380. 

Expansion, thennal, 402. 

Fajans, 26, 93. 

Faraday, Michael, i, 147, 186, 228. 
Feather, 112, 113. 

Fermat’s principle, 246. 

Fine structure, 200, 201, 222, 285. 

-alkali-Hke, 309, 312-20. 

-and nucleus, 360. 

-constant, 201, 4<»4. 

—— of absorption edges, 294. 

E'ireflies, 167. 

Fitzgerald, G. F., 439, 447. 

Fizeau’s drag experiment, 427. 
Fluorescein, 164. 

Fluorescence, 9, 155. 

— and foreign gas, 159. 

— gcfieral, of gases, 157. 

— oi solids and liquids, 163-5. 

— sensitized, 160-3. 

Fluor spar, fluorescence of, 164. 
Forbidden lines, 196. 

— transitions, 323. 

Fortrat diagram of band, 373, 374. 
Foucault, 426. 

Fourier analysis, 323, 355, 365, 368, 

— series, and atom, 196. 

Fowler series, 193. 

Franck, 51, 52, 137, 139. 

Freedom, degrees of, 412. 

Frequencies, inner, 417. 
Frequency-energy relation, 59, 176. 
Fresnel, 427. 

— drag, and relativity, 454. 

— drag coefficient, 427, 428, 430. 
Freundlich, 232. 

Friedrich, 64. 

Front-wall cell, 133, 

Fuchtbauer, 157. 

Gale, 435, 446. 

Gamma rays, 14, 15, 18, 20, 21. 

-and neutrons, 113, 

-emission, 358-60. 
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Gamma rays spectra, 2X. 

Gamow, 24, 358. 

Gehlhoff, 152. 

Gehrke, 137, 215- 
Geiger, 16, 17, 82, 85, 237. 

— and Marsden’s experiments, 85, 86. 

— counter, 16, 19, 133, 237. 

-Nuttall law, 23, 358. 

— relation (a-rays), 80, 359. 

Geitel, 15, 30, ij8. 

Gerlach, 205, 318, 347. 

Germer, 244, 252. 

Globular cluster, 461. 

Gold, 343. 

Goldschmidt, X07, 407. 

Goucher, 51. 

Goudsmit, 209, 312. 

GrafF, 220, 457 et seq. 

Graphite, structure of, 405. 

Gravitation, and energy, 231, 232. 

— and radiation, 232. 

Gravity, and earth’s motion, 444. 

Grimm, 407. 

Grotrian, 278, 281, 283, 284, 286, 288. 
Ground state, 157, 178, 290, 292, 390. 
-sodium, 321. 

— terms of elements, 336-8. 

Group velocity, 247. 

Griineisen’s law, 403. 

Gudden, 128, 130, 131, 175. 

Guije, 226. 

Haber, 167, 410. 

Hafnium, 342, 343. 

Half-integral values of j, 209. 

-life period, 23, 28. 

Halides, alkali, 407. 

Hallwachs, 117, 

Hanie, 139. 

Harkins, 96, 107. 

Harress, 432, 435. 

Hasenbhrl, 223, 227. 

Hausser, 175, 216. 

Heat, in radioactivity, 28, 31. 

— of dissociation, 391, 393, 394. 

Heavy hydrogen, 96. 

— water, 96. 

Heisenberg, 275, 326, 330, 388. 

— principle of uncertainty or indeterminacy, 

353 “6. 

Heitler, 388. 

Helium, 13, 17. 

— atom, 273, 306, 387, 

— from radium, 22, 29. 

— in the earth, 32, 

— ion, spectrum of, 193, 200. 

— spectrum, 285, 286. 

— terms, 335. 

Helmholtz, 456. 

Henderson, 80. 

Hermitian polynomials, 263. 

Hertz, G., 96. 

— H., 33, II 7 - 

— (and Franck), 51, 52, 137. 

Hess, 29. 

Heurlinger, 375. 

Hevesy, ii, 96, 343- 
Hilsch, 130. 

Holborn, 152. 

Hbnigsehmid, n, 22, 26. 

Hoyt, 297. 


Hughes, 121. 

Hund, 330, 380. 

6 . 

nuclear distances in, 399, 400. 
Hydrogen atom, 181. 

-Bohr’s, 190. 

-oriented, 208, 209. 

-Schrbdinger’s, 265-72. 

-shape of, 210. 

-term scheme, 185. 

— atomic, 169. 

— heavy, 350. 

-like elements, 306-12. 

>—molecule, 387, 388. 

— Stark effect in, 211-4. 

— terms, 335. 

Hydroxyl compounds, 386. 

Hyperfine structure, 222, 350, 351. 


wunt, 53. 
Hupka, 2: 
Hydrides, 


Illingworth, 443. 

Illumination, 152-4. 

Incoherent light, 215. 

Indeterminacy principle, 353-6. 

Index, cn’stal, 69. 

Inert gases, 94, 299. 

Infra-red, crystal vibrations in, 415-8. 

— reflection, 417. 

Interaction between molecules, 159. 

— in wave mechanics, 274, 
Interference, 216-9. 

— electron, 243. 

— on classical theory, 219. 

Interval, 455. 

Inverted tenn positions, 330. 

Iodine molecule, 392, 393, 394. 

Ionic compounds, 383. 

— distances, 407. 

— radius, 385, 408, 409. 

Ionization and multiplicities, 329. 

— and spectra, 276. 

— by a-rays, 81. 

— chamber, 55, 

— energy, 122. 

— potential, 49-*52, 162, 163, 282, 300. 
-tables, 301, 302. 

— spectrometer, 70. 

Ions, deformation of, 386. 

— due to a and jS rays, 81. 

— electrons in, 384. 

— equilibrium of, 386. 

— forces between, 409. 

— formation of, 54. 

— in electrolysis, 2. 

— packing of, 407. 

— spectra of, 193, 200, 

Iron, crj'stalline, 407. 

Isobares, 104. 

Isochromatic curve, 147, 149. 

Isotopes, 26, 95. 

— and fine structure, 350. 

— (parabola method), 96-8. 

— table of, 103. 

Isotopy, and doubling, 369. 

Isotropic bodies, 403. 

y, quantum number, 312. 

Joffe, 239, 411. 

Joliot, HI. 

Joos, 443. 
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Ka series formula, 291, 294. 

Kapitza, 80. 

Kaiifmann, 225. 

— experiments, 225. 

Kecsom, q6. 

Kennedy, 443. 

Kerr cell, 239, 355. 

— effect, 396, 39<S. 

Kinematics, Kinstein’s, 454. 

Kinetic energy, not quantized, 392. 

— theory, and molecules, 396. 

Kirchhoff, 142, 143, 145. 

— radiation law, 142. 

K, L, &c., terms, diagram of, 295, 296. 

K. L, M series, 135. 

K, L, M, N radiation, 73 et seq. 

K, L, M, N, (), P series, 291 ei scq. 

K, L, . . shells, 293, 336-8. 

Klalt, 170, 175. 

Knife-edge method, 72. 

Knipping, O4. 

Kossel, 2S9. 293, 384, 385, 386, 389. 

— and shells, 384. 

— and X-ray spectra, 293. 

Krj'pton, ph()toclectric effect in, 136. 

K series, 74-8, 291. 

Kunsman, 244. 

Kurlbaum, 145, 152. 

La series formula, 291, 294. 

/, (iu;it)tiim nunibor, 312. 

L radiation, 73 et scq. 

L series, 74-8. 

Lambert’s law, 40. 

Lande, 319. 

— splitting factor, 317, 318. 

Lanthanum, 342. 

Larmor, 204, 453. 

— -Lorentz transformation, 453. 

— precession, 203-5, 34S. 

Lattice, body-centred, 406, 407, 

— carbon, 405. 

— crystal, 404 et seq. 

— cubic, 406--S. 

— energy, 409, 412. 

— facc-centred, 406, 407, 

— frequencies, 418. 

— ionic, 402, 405. 

Lau,216. 

Lane, 63, 64, 65, 247, 24^, 252, 44*. 

— photograph, 65, 68. 

Lavanchy, 226. 

Lawson, 29. 

Lead, in radioactivity, 22, 26, 27, 32. 

Least action, 246. 

Lenard, 33, 34, 35, 36, 40, 41, 44, 48, 49, 
50, 51, 92. Ill, 117, 119, 120, 122, 130, 
137. 170, i 73 » i74» i75» 186, 216, 221, 
223, 227, 232, 233, 426, 445, 446. 

— absorption law, 33. 

Levels, energy, 177. 

— X-ray, 295, 296. 

Lew'is, G. N., 389. 

Liebisch, 417. 

Light, and moving source, 424, 

— emission, 176. 

-and bombardment, 137, 

— — in wave mechanics, 272. 

— from atoms, velocity of, 424. 

— sources of, 152-4. 

-sum, 173. 


Light, two theories of, 238-43. 

— (wave or quantum), 215, 216. 

-year, 461. 

Limit, of X-ray spectrum, 59. 

series, 277, 278, 282. 

Limitation of multiplicity, 333, 

Line, missing, 369. 

Linkages, 387, 388. 

— and spin, 390. 

—-anhamionic, 376, 378. 

— London’s theory of, 389-91, 

— molecular, 387. 

Liquid state, 420-2. 

I/ithium-likc terms, 311. 

Lithium terms, 335. 

Lodge, Sir (>.,429, 445, 

— and drag, 429. 

I^ondon, 388, 389. 

— theory of linkages, 389-91, 

Long-range H-particlcs, 88. 

Lonsdale, 405. 

Lorentz, H. A., 229, 428, 439, 446-8, 451, 

453. 

— contraction, 446, 448. 

-h'itzgcrald contraction, 454. 

— transformation, 452-5. 

— unit, 318. 

Lo Surdo, 212. 

Lucas, 431. 

Lummer, i.f5, 146, 148, 152. 
Lijppo-Crainer, [69. 

Lyman scries, 1S3, 193, 194, 282, 290, 291. 

M radiation, 73 et scq. 
iMadelung summation 409. 

Magnet and charge, 4s 1. 

Magnetic field, atom in, 203, 205-S, 316. 

-/, f, j, in, 316 -20. 

-non-uniform, 206. 

-of moving charge, 228. 

— moments of ions, 347, 348, 349. 

— properties, 346. 

Magneton, Bohr, 208, 209, 317, 

Man kwald, W., 22. 

Mark, 251. 

Marsden, 82, 85, 88, 108. 

Mass and energy, 223 et seq. 

— and velocity, 225-9. 

— as energy, 230 et seq. 

— defect, 104, 105. 

— of electron, variable, 200, 201, 253. 

— of enerjpr of light, 223, 224. 

— of kinetic energy, 227. 

— spectra, 101. 

— spectrograph, 99. 

Matrix, 275, 

Maupertuis, 246. 

Maxwell, 147, 150, 186, 195, 228. 

-Boltzmann distribution, 150. 

-law, 413. 

— equations, 353, 439. 

— on uniform motion, 436. 

Meitner, L., 19, 21. 

Melting, cause of, 403, 

— points, 8. 

Mendel^eff, 5, 94. 

Mercury, term diagram, 284, 285. 

Merrit, 165. 

Meson, 36. 

Metastable slates, 287, 290, 292. 

Meyer, E., 240 
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Meyer, Lothar, s, 94. 

Michelson, A. A., 247, 427, 435, 442, 443. 

— and Gale’s experiment, 435, 446. 

— interferometer, 436 . 

-Morlcy experiment, 427, 436, 442, 443, 

446,447.450,452. 

Microcrystals, 403. 

Microscope, y-ray, 353. 

Milky Way, 459, 461. 

Miller, 442, 443, 446. 

Millikan, R. A., 2, 118, 121. 

Minkowski, 453. 

Mitogenetic rays, 167. 

Molecular energy (3 kinds), 371. 

— forces, 401. 

— linkages, 387. 

— structure, 361 et seq. 

Molecules, and kinetic theory, 396. 

— and nuclear moments, 352. 

— atomic distances in, 396, 397. 

— atomic linkages in, 383 et seq. 

— calculations for, 387. 

— diameter of, 396. 

— diatomic, data for, 398. 

-model of, 363. 

— dipole moment of, 397. 

— distance of approach, 396. 

— electron changes in, 371, 396. 

— electrons in, 378. 

— energy levels of, 371. 

— forces in, 388. 

— moment of inertia of, 397 . 

— oscillation of, 403. 

— potential energy in, 388, 394, 395. 

— properties of, 391 et seq. 

— shape of, 397. 

— size and shape of, 395-400. 

— with 3 or 4 atoms, 399. 

Moment, magnetic and mechanical, 317 . 
Momentum conserved in collisions, 88 * 
Morley, 427 . 

— and Miller, 442. 

Mosaic structure, 411. 

Moseley, H. G. J., 75 , 76 , 87 , 92 . 

— diagrams, 334, 341, 

Motion and optics, 423. 

— and statical fields, 438. 

— of source of light, 424, 

Mulliken, 378. 

Multiplets, 277. 

Multiplicity, and S, 329. 

— and Pauli’s principle, 333. 

— maximum, 329. 

— term, 299, 328. 

N radiation, 73 et seq, 

Nebul£e, 460-3, 

Neon, 339. 

— isotopes of, 96 . 

Neumann, 226. 

Neutrino, ir 6 . 

Neutron, 3, 106, in-6. 

— and gamma rays, 113. 

— bombardment by, 112, 113, 

— collision with, iii, 112 . 

— from beryllium, 111-4. 

— penetrating power of, 114, 

Ni^ols, 165 . 

Nickel, 341. 

Nitrogen, transformation of, 1x3. 

Nobel prize, 10, 12, 13, 435 * 449* 


Nodal surfaces, 268, 269. 
l^on-black bodies, 151. 

Ndrrenberg, 255. 

Notation for terms, 283. 

Nuclear transformation, artificial, 360, 

— charges, effective, 294, 305, 309, 

— moments, 351, 352. 

— spin, 350, 351. 

Nucleus, 82, 91, 95-116, 186, 

— and radioactivity, 357-60. 

— and spectra, 350 et seq. 

— charge and field of, 87. 

— collisions with, 83-91. 

— distances from, 399, 400, 

— excitation in, 359, 360. 

— in wave mechanics, 357, 

— of finite mass, 192. 

“^penetration into, 357. 

— potential near, 356. 

— structure of, 105. 

Observables, 275. 

Occhialini, 115, 116, 

Octets, 390. 

Olmstead, 185. 

Olson, 256. 

One-electron sj'stems, 193. 

-^ states of, 322. 

Optically active, 418. 

— inactive, 418. 

Orbits, elliptic, 197 et seq. 

Orientation of atom, 206. 

— of orbits, 201. 

— permitted, 203. 

Orthohelium, 274, 285. 

Orthohydrogen, 352, 380. 

Oscillators, 412. 

— and quantization, 413. 

— in wave mechanics, 263, 265, 

— Planck’s, 149-51. 

— quantum, 187, 188. 

Packets, of energy, 239. 

Paired electrons 390, 391, 

Palladium, 342. 

Paneth, 343. 

Parabolas (positive ray), 96, 99. 
Para-hydrogen, 352, 380. 

Parallelism, in wave mechanics, 327. 
Parhelium, 274, 285. 

Paschen, 200, 280. 

— -Back effect, 317, 318, 319, 325, 349. 

— series, 183, 193, 291. 

Pauli, 33X, 378, 380. 

— exclusion principle, 350, 352, 378, 380, 
Pauling, 270, 303. 

P-branch, 368, 374, 375. 

Pearson, 443. 

Pease, 443. 

Pendulum (straight line) orbits, 197. 
Penetrating orbit, 309, 315. 

Periodic classification, 334. 

— system, 298. 

-Bohr’s diagram of, 343* 

— table, 4-8, 94. 

-and radioactivity, 25. 

Periodicity, atomic, 94. 

Permitted ellipses, 197, 199# 

— states, x88, 189. 

Perrin, 90. 

Pfund series, 183, 
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Phase diagrams, 187, 189. 

— integral, 189, 197. 

Phipps, 208. 

Phosphorescence, 155, 166, 170-6. 

— centres, 174. 

— spectra, 418. 

Phosphors, 125, 170-4. 

Photo-chemical reactions, 168. 

Photoelectric cell, 127, 132. 

— effect, 117 et scq., 238. 

-external, 117-28. 

-internal, 128-33. 

-normal, 123. 

-selective, 123. 

-(X-ray), 133-7- 

Photo-electron, 54, 55, 118 etseq., 237, 238. 

— and direction, 137. 

-(X-ray), 134-6. 

Photography, 169. 

Photon, 233 et seq. 

Physical constants, table, 464. 

Piccard, 443. 

Pickering series, 193. 

Pitchblende, 10. 

Planck, Max, 59, 122, 147, 148, 149, 150, 
151, 187, 188, 221. 

— constant, 59, 122, 138, 150, 151, 353. 

(See Quantum of action h.) 

— radiation law, 148-51. 

Platinum, 343. 

Pleochroic halos, 32. 

Pogany, 434, 435- „ 

Pohl, 117, 118, 124, 128, 129, 130, 131, 169, 
* 75 - 

Polarizability, 398. 

Polarization of electron beams, 255, 
Polonium, lo, 18. 

Polycrystals, 403. 

Pose, no. 

Positive rays, 96-100. 

Positron, 115. 

— showers of, 115. 

Possible states (« — 1 to 4), 332. 

Potassium, 339. 

— radioactive, 108. 

— series, 279. 

Potential barrier, 357, 358. 

— energy, molecular, 394, 395. 

-of two atoms, 389. 

Powder method (X-rays), 72. 

Precession, of /, s, /, 316, 317, 

— of spins, 325. 

Pressure of radiation, 223. 

Provost, 141. 

Principal quantum number, 309, 324, 327. 
Pringsheim, 124, 145, 146, 152. 

Probability, and atoms, 217. 

— in virave mechanics, 275. 

Proper functions, 262-5. 

— values. 262-5. 

-hydrogen atom, 267. 

Proton, 3. 

— lon^-ranpe, io8. 

— radius of, 44. 

Prout, 3, 95- 
Proximity effect^ 221. 

Pyrometers, optical, 152. 

Pyrometry, 152. 

Q-branch, 373-5- 
Quadruple lines, 282. 


Quanta, 122. 

Quantum conditions, 197. 

— defect, 309, 310. 

— equivalent, 125. 

— light, 123, 151, 233 et seq, 

— hv, 291. 

— {hv = E, — Eo), 177 et seq. 

— number, 191. 

-and shells, 309. 

-array of, 275. 

-azimuthal, 197. 

-effective, 309, 310, 

-for orbit, 203. 

- j 209. 

-/, 5, ;, 3x2 cf seq. 

-L, J, 330, 346. 

-magnetic, 318. 

-modified, 2H. 

-principal, 197, 199, 200, 309. 

-radial, 197. 

-Schrddinger’s, 267. 

-r, />, dyf, 310, 31 I . 

-symbols (molecules), 379. 

-table of, 322. 

— of action h, 59, 122, 138, 150, 151, 176 

181, 187, 353. 

— theor>' and light, 215, 216. 

— yield. 125, 130, 131. 

Quantization of direction, 202. 

Quartets, 329. 

Quintet term, 328. 

Radiation, black-body, 149. 

— characteristic, 53, 54, 56, 58. 

— classical, from atom, 186, 192, 195. 

— damj>ing, 221. 

— equilibrium, 140. 

— fluorescence, 56, 58. 

— K, L, M, N, 56. 

— isothermal, 147. 

— pressure, 223, 458. 

— scattered, 56. 

^ secondary, 53, 54. 

— selective, 151. 

— solar, 456. 

— temperature, 139-42, 144. 

Radiator, grey, 151. 

Radioactive disintegration, 23. 

— elements, ii, 18. 

— equilibrium, 27. 

— series, 18, 21-7. 

— substances, table of, 18. 

— transformations, 11-4, 18. 

Radioactivity, 9 et seq. 

— in geology, 30, 32. 

— in wave mechanics, 356-60. 

Radiograph, 61, 

Radium, ix, x8, 344. 

— A, 14, i8. 

— emanation, 12, X3, 18. 

— from uranium, 22. 

— heat from, 28. 

— in the earth, 30. 

— transformations of, 22. 

Radius, gas-kinetic, 307. 

— of atom, 300. 

— of orbit, 191. 

Radon, 13, X4, 1$, 344. 

Raman, 380. 

— effect, 380-3. 

-in solids, 38a. 
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Raman cflFect, value of, 381. 

— frequencies, 381 . 

— lines, 380-3. 

-rotational, 381, 382. 

— spectra, 396, 397, 398, 418, 

Ramsauer, 123. 

— effect, 44. 

Ramsay, Sir W., 13, 17. 

Range, of o-rays, 17, x8, 19. 

Rare earths, 341, 342, 349. 

-and magnetism, 348. 

-ions, 347, 348. 

Rasctti, H2, 113. 

Ratnowski, 226. 

Rau, 137. 

Rays, a, and y, 14, 15, 18. 

— a, ^ and y, in radioactivity, 18, 22, 25, 

R-branch, 368, 374, 375. 

Reaction, chemical, 390. 

Recoil electron, 2;?7. 

Reflection, coefficient of, 140. 

— of electrons, 252. 

— of light, by waves, 421. 

Relative motion, 423, 

Relativity, 201, 448. 

— general theory, 455. 

— in electromagnetism, 450. 

— in mechanics, 449. 

— special theory, 452. 

Residual rays, 383, 416, 417. 

Resonance, in wave mechanics, 274, 326, 

388. 

— lines, 138, iss, 156. 

— potential, 49-52, 282. 

-hydrogen, 185. 

— radiation, 155, 156, 159. 

— spectrum, I's'S. 

Rest-mass, 226. 

Retarding held, 119. 

-method, 48, 49. 

Richards, T. W., 27. 

Richtmyer, 61. 

Ritz, 183. 

— terms, 277. 

Rdntgen, 438, 446. 

Rose, 87. 

Rosette, 201. 

Rotating crystal, 70, 71. 

Rotation, molecular, 371. 

Rotational states, and nuclear moments, 
352*. 

Rotator, in wave mechanics, 264. 

— quantum, 187, 189. 

Rowland, 438. 

Rubens, 417. 

Rubidium, 341. 

Ruby, fluorescence of, 164. 

Rupp, 217, 227, 239, 244, 24s, 248, 249» 
250.254.255,256. 

Russell-Saunders coupling, 328. 

Rutherford, Lord, 12, 16, 17, 21, 7a, 80, 
82, 87, 88, 108, III, 1x3, 356, 357, 

359,360- 

-Bohr atom, 186. 

Rydberg’s alternation law, 299. 

— constant, 182, 192, 199, 350. 

— —*• and e/w, 194. 

-corrected, 193, 194. 


Rydberg’s formula, 279. 

— terms, 277. 

S, spin quantum number, 312. 

Sagnac’s experiment, 432-5. 

Scandium, 340. 

Scattering by H and He nuclei, 88. 

— by light elements, 87. 

— formula, Rutherford’s, 85, 

— large-angle, 82-7. 

— molecular, 381. 

— of a-rays, 81-91. 

— of light by liquids, 420. 

— of X-rays by liquids, 421. 

— Rayleigh, 380, 398. 

Schaefer, 417, 418. 

Schafl'ernicht, 139, 444. 

Schcrrer, 72, 247, 248. 

Schmidt. G, C., ii. 

Schrddinger, 238, 257, 266, 274, 275. 

— atom, 211. 

— equation, 257 et seq., 273. 

— experiments, 218. 

Schubert, 417, 418. 

Schumann plates, 169. 

Scintillations, 15. 

Screening, 309, 316. 

— constant, 294, 295, 305. 

— doublets, 298. 

— effect, 304, 305. 

— fluorescent, 10, 15. 

Sears, 421. 

Seeliger, 137. 

Seemann, 72. 

Selection rules, 180, 196, 282, 285, 2S7, 298, 
320, 321. 

Selcnyi, 218. 

Self-reversal, 156, 222. 

Scries, and terms, 182. 

— Bergmann, 277 et seq.^ 283. 

— diffuse, 277 et seq., 283. 

— fundamental, 277 et seq,, 283. 

— hydrogen, 193. 

— notation for, 281. 

— optical, 276 et seq. 

— principal, 277 et seq., 283. 

— sharp, 277 et seq., 283. 

Shells, and electrons, table of, 336-8. 

— and exclusion principle, 334. 

-filling, 334-44- 

— K, L, &c., 293. 

— structure of atom, 298 e/ seq. 

— successive completion of, 303-6. 

— tendency to form, 384. 

Sidot screen, xo. 

Siegbahn, 50, 71. 

Silver, 342. 

— atoms, oriented, 205-8. 

Singlets, 283, 285, 326, 328. 

Slater, 330. 

Smekal, 381, 41 x. 

Soddy, F., 12, 13, 17, 93, 126. 

Sodium atom, ground state, 321. 

Soldner, J., 232. 

Solids, amorphous, 403. 

— specific heat of, 412. ^ 

Sommerfeld, 201, 204, 207, 289. 

Sound, method for velocity of, 421. 

Space-tiixie, 453. 
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Spark spectra, 387, 329, 335. 

</, / ^mboHsm, 320. 

S, P, I), F symbolism, 320. 

Special direction!, 272. 

Specific heat, and energy levels, 349. 

-and quantum theory, 412. 

-of solids, 412 . 

Spectra, arc, 276, 278. 

— atomic and molecular, 378, 

— band! 361 et seq, 

— continuous, 194. 

— line, 276 et seq. 

— mass, 101. 

— of divalent elements, 282 et seq. 

— rotation, 363-6. 

— rotation-vibration, 363, 366, 372. 

— series and terms, 182. 

— spark, 287, 329, 335. 

— X-ray, 53, 58. 

Spectral lines, form of, 219. 

Spectrometer, X-ray, 70. 

Spectrum, arc, of alkali, 280. 

Spin, and Bohr atom, 314. 

— antiparallel, 327. 

— doublets, 298. 

— electronj 209, 312, 313. 

— electronic, and linkage, 390, 

— energy due to, 313. 

— in wave mechanics, 314. 

— neutralizing, 390. 

— n«»ber, total, 320. 

— of proton, 352. 

— of two electrons, 325, 

— parallel, 327. 

— vectors, possibilities for, 325. 

— - resultant, 326. 

Spinning electron, 209, 312, 313, 390. 
Spiral nebula', recession of, 233. 

Splitting, in electric field, 211-4. 

— “ of energy levels, 315, 316, 350. 

— of lines, 329. 

— of sodium D-lines, 319. 

— Zeeman, 203. (See Zeeman effect.) 
Sponer, 394. 

Stahel, 443. 

Stark, J., 58, 137, 209, 211, 212, 242, 243, 

323, 424. 

— effect, 201, 2ii~4, 217, 221, 242, 243, 

273, 438. 

-for H, 211-4. 

Stars, 456. 

— masses of, 458. 

— fixed, 457. . 

States, designation of, 320. 

— of one-electron system, 322. 

— possible (w = i to 4), 332. 

Stationary states, 187. 

Statistical interpretation of 274. 
Statistics, and atoms, 217. 

Stefan, 145. 

-Boltzmann law, 145-8. 

Stern, 205, 256. 

-Gerlach experiment, 205-8, 318. 

Stetter, 88. 

Stokes, G. G., 158, 446. 

— rule, 158 , 163 . 

Structure of shells, 334. 

Structures, electronic, table of, 336-8, 
Stuart, 598. 

Sucksmith, 348. 

Sunspots, 457. 


Sun’s radiation, 456. 

Super-galactic systems, 462. 
Supersonic waves, 421. 

Susceptibility, magnetic, 346. 
Symbols 5, p, d,f, 278, 280, 281, 283. 
— S, P, D. F, 283. 


Taylor, 208. 

Temperature, characteristic, 412, 419. 
Term diagrams, 295-7. 

— notation, 283. 

— symbols, 283. 

Terms, and series, 182. 

— calculated from lines, 184. 

— relative positions of, 330. 

— spectral, 181. 

Thomsen, Julius, 345. 

Thomson, G. P., 248, 256, • 

— Sir J. J., 63, 96, 98. 

Thorium, ii, 18. 

— in gas mantle, ir. 

— in the earth, 30, 

— series, 18, 25. 

-X, 12. 

'Polman, 2. 

Tomaschek, 164, 418, 443, 446. 
Transitions, and multiplicities, 330, 

— forbidden, 287. 

— permitted, 282. 

— to new orbit, 192. 

— X-ray, 295. 

Transmission, coefficient of, 140. 
Transmutation of atoms, 108-16. 
Traubenberg, iii, 217, 357. 

Triplets, 277, 282, 283, 285, 326, 328. 
Trouton-Noble experiment, 439, 442, 443 
444,4^6,448, 451. 

Tungsten, L-lines of, 297. 

Two-electron systems, 324, 326. 

Tyndall effect, 56, 398. 


Uhlenbeck, 209, 312. 

Uncertainty principle, 353-6. 

Unsold, 307. 

Uranium, 344. 

— in the earth, 30. 

— nucleus, 357. 

-radium series, 18, 22. 

— rays from, 9, 18. 

— series, 25. 

-X, 12, 18. 

Urey, 350. 

Valency, 2, 7. 

— and excitation, 390, 391, 

— and multiplicity, 329, 390. 

— electron, 306, 307, 313, 321. 

-and periodic table, 344, 345. 

-more than two, 327. 

-several, 324. 

-table of states, 344, 345. 

-three, 329. 

-two, 324. 

van der Bijl, 51. 

Van der Waals, 420. 
van Dijk, 96. 

Vector model of atom, 306 et seq., 324. 
Vectors and quantum numbers, 314. 
Vegard, 171. 

Velocity, limiting (light), 230. 

— of light, 424. 
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Velocity, signal, 428. 

Veltmann’s theorem, 431. 

Vibration, molecular, 371. 

— of solids, 412. 

Vogel, 169. 

Wadsworth, C., 27. 

Walton, 110. 

Wang, 162. 

Warburton, 6i. 

Washburn, 96. 

Wave, electron, 243. 

— equation, Schrodinger’s, 261, 262. 

— function, interpretation of, 269. 

-lengths of electrons, 254. 

— mechanics, atom in, 211, 

-of the atom, 257 et seq.^ 307. 

-and linkages, 387. 

— motion, light as, 215, 216. 

— number, 178, 181, 192, 199. 

— properties of matter, 256. 

— representation of electron, 257. 

Waves, from atoms, 215-9. 

Webb, 162. 

Webster, 76, 297. 

Welsbach mantle, 152. 

Wien, W., 147, 148, 216, 219, 289, 438. 

— displacement law, 147, 148, 151, 153. 
Wierl, 251. 

Wilson, C. T. R., 37. 

-H. A.. 438. 

— cloud chamber, 10, 15, 19. 

Wolf, M., 459, 460. 

Wollaston filaments, 218. 

W0I2, 226. 

Wood, 157, 159. 

Work function, 12a. 


Work of separation, laa, 125. 

Wrede, 208. 

X-rays, 9, 15, 21. 

— absorption of, 54 et seq., DO. 

-applications, 61. 

— and atomic number, 75. 

— and crystals, 63 et seq. 

— diffraction of, 63 et seq. 

— in Compton effect, 234-8. 

— polarization of, 56. 

— reflection of (Bragg), 68-72. 

— scattering of, 54 et seq.^ 60. 

— secondary, 54, 55, 56. 

— spectra, 73-8, 291 et seq. 

-and shells, 304. 

-emission of, 292, 293. 

-excitation of, 291-4. 

-limit of, S9* 

-white or continuous, 53, 58, 59, 68, 

— spectrometer, 70. 

— wave nature of, 56 et seq. 

X-unit, 21. 

Zeeman, 203. 

— drag experiments, 427, 428. 

— effect, 2, 201, 203-s, 277, 317, 319. 
-anomalous, 317. 

-classical, 204, 205. 

-in alkalis, 318. 

-normal, 204. 

— splitting, 203. 

-for hydrogen, 210. 

-hyperfine, 350. 

Zero-point energy, 188, 264* 

Ziegert, 108. 

Zisch, 167. 
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